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THE CHEMICAL SOCIETY 


SCIENTIFIC MEETINGS DURING OCTOBER, 1950 


LONDON. 


Thursday, October 12th, 1950, at 7.30 p.m. 
The following papers will be read and discussed : 


“The Kinetics of the Oxidation of Organic Compounds by Ceric Sulphate. 
Part I. The Oxidation of Acetone.” By J. Shorter and C. N. Hinshelwood. 

“The Kinetics of the Oxidation of Organic Compounds by Ceric Sulphate. 
Part II. The Reactivities of the Aliphatic Ketones and Acetaldehyde.” 
By J. Shorter. 

“Some Oxidation-reduction Reactions of Hydroxylamine.” By P. Davis, M. G, 
Evans, and W. C. E. Higginson. 

* Reactions of the Cobaltic Ion. Parts I, II, and III." By C. E. H. Bawn 
and A, G, White. 


Abstracts of the papers for discussion may be obtained from the General Secretary after 
October 5th. 





ABERDEEN. 
Friday, October 20th, 1950, at 7.30 p.m. 


Lecture, Recent Work on the Transuranic Elements, by Dr. R. Hurst, G.M., M.Sc. 


Joint meeting with the Royal Institute of Chemistry and the Society of Chemical Industry, 
to be held in the Chemistry Department, Marischal College, Aberdeen 





BIRMINGHAM. 
Friday, October 20th, 1950, at 4.30 p.m. 
Lecture, Chemistry and the Scattering of Light, by Dr. E. J. Bowen, M.A., F.R.S. 


Joint meeting with the University Chemical Society to be held in the Chemistry Lecture 
Theatre, The University, Edgbaston, Birmingham, 15 





EDINBURGH. 
Thursday, October 26th, 1950, at 7.30 p.m. 





Lecture, The Selentific Examination of Pictures, by Dr. A. E. Werner, M.A., A.R.LC. 


Joint meeting with the Royal Institute of Chemistry and the Society of Chemical Industry, 
to be held at the North British Station Hotel, Edinburgh 


EXETER. 
Friday, October 13th, 1950, at 5 p.m. 
Lecture, Research in the Paint Industry, by Dr. J. W. Dorling, A.R.LC. 


Joint meeting with University College Chemical Ciub, to be held in the Washington Singer 
Laboratories, Prince of Wales Road, Exeter 











Friday, October 20th, 1950, at 5 p.m. 


Lecture, The Basle Principles of Chemical Engineering, by Mr. M. B. Donald, M.Sc., 
A.R.C.S., F.R.LC, 


Joint meeting with the Royal Institute of Chemistry and the Society of Chemica) Industry. 
to be held at the Technical College, Plymouth. 





GLASGOW. 
Wednesday, October 25th, 1950, at 3.30 p.m. 


Lecture, Recent Developments in Macrocyciie Pigments, by Professor R. P. Linstead, 
C.B.E., D.Se., M.A., F.R.S. 


Joint meeting with the Alchemists’ Club and the Andersonian Chemical Society, to be held 
at the Roya! Technical College, Glasgow 


IRISH REPUBLIC. 
Wednesday, October 25th, 1950, at 745 p.m. 


Lecture, Editing for The Chemical Society, by Dr. R. S. Cahn, M.A., F.R.LC. 
To be given in the Chemica! Laboratory, Trinity College, Dublin. 








MANCHESTER. 
Thursday, October 19th, 1050, at 6.30 p.m. 


Official Meeting. Lecture, The Chemistry of the Tropolones, by Professor R. 1D. 
Haworth, D.Sc., F.R.S. 


Joint meeting with the Royal Institute of Chemistry and the Society of Chemical Industry, 
to be held in the Chemistry Lecture Theatre, The University, Manchester 





NORTH WALES. 
Friday, October 13th, 1950, at 5.45 p.m. 


Lecture, Studies in the Synthesis of Flavones, by Professor T. S. Wheeler, D.Sc., 
F.R.LC, 


Joint meeting with University College of North Wales Chemical Society to be held in the 
Department of Chemistry, University College of North Wales, Bangor. 





ST. ANDREWS AND DUNDEE. 
Friday, October 20th, 1950, at 5 p.m. 





Lecture, Historical Selence as an Instrument of Culture, by Professor J. Read, D.Sc., 
F.R.S. 


Joint meeting with St. Andrews University Chemical Society, to be held in the Chemistry 
Department, United College, St. Andrews. 


SHEFFIELD. 


The lecture by Professor C. E. H. Bawn arranged for October 26th, 1950, and entitled 
Catalysed Oxidations has been postponed until February Ist, 1951. 


SOUTHAMPTON. 
Monday, October 9th, 1950, at 7 p.m. 





Lecture, The New Elements, by Professor H. J. Emeléus, D.Sc., F.R.S. 


Joint meeting with the Mid-Southern Counties Section of the Royal Institute of Chemistry 


and the Portsmouth and District Chemical Society, to be held at Municipal College, Ports- 
mouth 








SOUTH WALES. 
Friday, October 13th, 1950, at 5.30 p.m. 


Lecture, Some Aspects of the Chemistry of Sulphur Compounds occurring in Nature, 
by Professor F. Challenger, D.Se., F.R.L.C. 





Joint meeting with the Royal Institute of Chemistry and University College of Swansea 
Chemical Society, to be held at University College, Swansea. 








PROCEEDINGS 


CHEMICAL SOCIETY 





OFFICIAL ANNOUNCEMENTS 
RESEARCH FUND. 


A meeting of the Research Fund Committee will be held in November next. All 
persons who have received grants, and whose accounts have not been declared closed by the 
Council, are informed that reports must be received by the Society not later than November 
ist, 1050. 

Applications for grants, to be made on forms obtainable from the General Secretary, 
must be received on or before November Ist, 1950. Applications from Fellows will receive 
prior consideration. 

Attention is drawn to the fact that the income arising from the donation of the Worship- 
ful Company of Goldsmiths is principally devoted to the encouragement of research in 
inorganic and metallurgical chemistry, and that the income from the Perkin Memorial 
Fund is to be applied to investigations relating to problems connected with the coal-tar 
and allied industries 


CONFERENCE ON THE BIOLOGICAL HAZARDS OF ATOMIC ENERGY. 


A conference, arranged jointly by the Institute of Biology and the Atomic Scientists 
Association, with the support of the British Association, on the subject of atomic energy 
and its biological hazards, will be held at the Royal Institution, Albemarle Street, London, 
W.1, on October 20th and 21st, 1950. Fellows who are interested are invited. 


LIST OF APPLICATIONS FOR FELLOWSHIP 


Fellows wishing to lodge objection to the dlection of these candidates should communicate with the 
Honorary Seeretaries within ten days of the date of publication of the “ Journal” for September, 1950 
Such objections will be treated as confidential The forms of application are available in the Library.) 


"Freedman, Patricia, BA (Oxon British 20. Abercorn Place, N.W.& Technical Assistant at 
British Celanese. Signed by A. M. Spratt, B. F. M. London, J. C. Everett 
*Johneon, Philip Cowey, B.Sc. and Ph.D. (L’pool). British. 109, Bramhall Lane South, Bramhall 
Research Chemist. Signed by: W.B. Whalley, J. S. E. Holker, D. E. Hathway 
British. 264, Pasture Road, Stapleford, Nottingham. Research 
Ridsdale, T. A. Heppenstall, J. R. Jarratt 
Tasmania), A. ACI. British. 44, Bayswater Road, Moonah, via Hobart 
Demonstrator in Chemistry at University of Tasmania Signed by G. C. Ierael, |. B 
Polya, H. E. Hill 
*Schwars, Johann Claus Peter, 1} A and BS &rcp ARI¢ Irish. Department of Chemistry, 
Trinity College, Dublin. Research Student Signed by. D. H. Hayes, J. A. Alexander, E. R 
Stuart 
Warburton, William Kingston, Se aod LLB (Sydney British. McMaster Laboratories, CS. 1.R.0 
University Grounds, Sydney, NS.W. Research Worker. Signed by: T. Iredale, S. J. Angyal, 
A. T. Norman 
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UNDER SPECIAL PROVISIONS APPERTAINING TO CANDIDATES RESIDENT 
ABROAD. 


Datta, Dilip Kumar, M.Sc. (Calcutta), Ph.D. (Sheffield), A-R.1L.C., A.M Inst.P. ian. Crewe Hall, 


* Iitinois, Re- 


.). British. c/o Imperial Chemical Industries of 
Australia and New Zealand Ltd, 390, Collins Street, Melbourne, Victoria. Chairman and Managing 
Director. Signed by: David Rivett. 


*Roginsky, Adelle L. B.Sc. (Alberta), M.S. (Chicago). Canadian. International House, 1414-E.59 
Street, Chicago 37, Illinois. Student. Signed by: R. M. Acheson, Allan P. Gray. 

Vaughn, jun., Howard Alton, B.Sc. (Calif). American. 29, West 601 Street, Ceunochany, Sen York 
Student, Columbia University. Signed by: David Y. Curtin. 

Zavist, Aigerd F. B.S. (Central Y.M.C.A. College), M.S. and Ph.D. (Chicago), American. 4201 
W. 48th Street, Chicago 32, Illinois. Research Chemist. Signed by: Allan P. Gray, R. M. Acheson 


PAPERS RECEIVED. 


(List of papers received between August Ist and August 21st, 1950.) 


‘‘ The detection of glycosides and non-reducing carbohydrate derivatives in paper partition 
chromatography." By J. G. Buchanan, C. A. Dexker, and A. G. Lone. 

Substituted benzidines and related compounds as reagents in analytical chemistry. 
Part IV. Naphthidine as indicator in the determination of zinc with ferrocyanide.”’ 
By R. Beccuer and A. J. Nutren. 

‘ Substituted benzidines and related compounds as reagents in analytical chemistry. 
Part V. New indicators for the microvolumetric determination of gold."" By R. 
BeLcHer and A. J. NUTTEN. 

‘ Preparation of benzylidene diacetate."" By W. Davey and J. R. Gwixt. 

‘ Experiments with optically active diphenyls."’ By F. Bett and G. A. Dinsmore. 

‘' The rotatory dispersion and circular dichroism of (—)-2-chloro-2-nitrosocamphane and the 
pyridine salt of (+)-2-chloro-2-nitrosocamphane-10-sulphonic acid.’’ By SrorHerp 
Mitcue.t, J. S. Watson, and (in part) W. Dunxor. j 

The polarities of molecules containing iodine with a valency higher than one."’ By 
(Mrs.) C. G. Le Fives and R. J. W. Le Fivre. 

‘ Experiments on the synthesis of the pyrethrins. Part V. Synthesis of side-chain 
isomers and analogues of cinerone, cinerolone, and cinerin-I."" By L. Crompie, 
A. J. B. Epoar, S. H. Harper, (Miss) W. M. Lows, and D. THompson. 

‘ The mechanism of inhibition of the corrosion of iron by sodium hydroxide solution." 
By J. E. O. Mayne, J. W. Menrer, and M. J. Pryor. 

The equilibrium between copper and cupric and cuprous ions, and the behaviour of the 
copper electrode in dilute copper sulphate solutions.’’ By S. E. S. ELWAKKap. 

‘Quaternary ammonium salts. The formation and decomposition of ethyldimethyl.- 
phenylammonium salts. The synthesis of N-ethyl-N-methylanilines."” By Hussein 
A. Fant and Momamoun GALABY. 

The oxidation of aldoses by hypoiodous acid. Part II]. Comparison of the rates of 
oxidation of a- and §-p-glucose."" By K. D. Reeve. 

‘ Perhydroindanes. Part I. Some products from  §-(l-hydroxycyclohexyl)propioli 
acid.”” By Davin S. MATHIESON. 

Further studies on the stereochemistry of aromatic ethers." By K. B. Everarp and 
L. E. Sutton. 

‘ The conductivities of some complex cobalt chlorides and sulphates."’ By 1. L. Jenkins 

and C. B. Monk. 
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gen yi em ag ag ing gig go cee or 
“By M. P. Batre, J. Kewvow, and C. E. Seare. 
A—— and related topics. By J. A. 
Baxirsor, A. J. Jounson, and G. D. Meaxrns. 

The synthesis of simple peptides from anhydro-N-carboxyamino-acids."” By J. Leccett 
Baiiey. 

“ Structure of an antigenic polysaccharide isolated from tuberculin.” By P. W. Kent. 

“ Carbohydrate primers in the synthesis of starch." By J. M. Baitey, W. J. WHeLan, 
and 5. Pear. 

The enzymic synthesis and degradation of starch. Part X. ee ee oe 
So gfent + vem The Q-enzyme of wrinkled pea."" By P. N. Honson, W. J. 

HELAN, and S. Pear. 
“ The MB synthesis and degradation of starch. Part XI. Isophosphorylase.”’ 
ByJ Baitey and W. J. WHELAN. 

“* Dimorphism of esters of seylloinosose."’ By S. J. ANGYAL and N. K. Marueson. 

9 ———— on acetylenic compounds. Part XXVII. The preparation and properties 
of the toluene-p-sulphonates of acetylenic alcohols.'" By G. Ectincron and M. C. 
WHITING, 

 Photochlorination. Part 1. The photochlorination of toluene vapour."" By Mowpray 
Rircure and W. |. H. Winwine. 

‘ Photochlorination. Part Il. The photochlorination of methane."" By Mowsray 
Rivcure and W. |. H. Wixwinc. 

"* Reactions of the perfluoroalkyl radicals.’ (Miss) J. Banus, H. J. Emectus, and R. N. 
HASZELDINE. 

“ Contributions to the chemistry of phenanthridine. Part II]. The preparation of 
2 : 7-diamino-9-3'-pyridylphenanthridine I’ : 10-dimethiodide."" By V. Petrow and 
W. R. Wrace. 

Alternative method for the hydrolysis of thioamides in the Willgerodt—Kindler reaction.” 
By M. A. THoroip Rocers. 

“ Hydrated calcium silicates. Part I. Compound formation at ordinary temperatures.”’ 
By H. F. W. Taytor. 

The electric dipole moments of some tetrazolines and related compounds,.”’ By P. G. 
Epcer.ey and L. E. Surron. 

* Tertiary perfluoro-amines."’ By R. N. HaszeLpine. 

The determination of thionaphthen in naphthalene by infra-red absorption spectroscopy.’ 
By W. D. Armstrone, A. B Denstam, and G. Goucu. 

The colour of organic compounds. Part I. A general colour rule."" By Epwarp B. 
kxorr. 

The colour or organic compounds. Part II. The replacement of chromophoric methin 
groups by nitrogen atoms." By Epwarp B. Knorr. 

The colour of organic compounds. Part III. Colour phenomena of bis-2-(3 : 5-di 
phenylpyrrole)methins.”"" By Epwarp B. Knorr and Roy A. JEerrReys. 

Monolayer properties of elaidyl aleohol."’ By J. Grazer and E. D. Gopparp. 

" Reactions of ethylene oxides. Part V. The interaction of alkali cyanides and epi- 
chlorohydrin,” By C. C, J, Cutvenor, W. Davies, and F, G. Hatry. 

‘ Hantzsch’'s isomeric diazosulphonates."’ By H. C. Freeman and R. J. W. Le Févre. 

" Synthesis of S-substituted pteridine derivatives."" By H. S. Forrest, R. Hutt, H. J. 
Roppa, and A, R. Topp. 

** The effects of intramolecular configuration on the rate of unimolecular solvolysis of aralkyl 
chlorides.”’ By G. Bappeey and J. CHapwick. 

“ The optical properties of 2-amino-»-octane, 2-dimethylamino-n-octane, and trimethyl- 
2-n-octylammonium iodide."’ By F. G. MANN and (Mrs.) J. Rep. 

Molecular polarisation and molecular interaction. Part IV. The molecular polaris 

ation of diphenylamine in solution in benzene, dioxan, and mixtures of benzene with 
nitrobenzene, triethylamine, and pyridine.’" By J. W. Surru. 





“ Pteridines. Part I. An unambiguous synthesis of 7 : 8-dihydro-6-hydroxypteridines.”’ 
By W. R. Boon, W. G. M. Jones, and G. R. RAMAGE. 
‘ The condensation of 2-dimethylaminomethylicydohexan-|-one with acetylenic compounds.” 
* A. Raruatti and Franz SONDHEIMER. 

The chemistry of extractives from hardwoods. Part III. Baikiain, an amino-acid 
present in Bathiaca plurijuga."’ By F. E. Kine, T. J. Kine, and A. 2° WARWICK. 
sy — of vaporization, and internal order in liquids."’ By L. A. K. Stavetey and 
W. I, Tupman. 
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V. C. Barry, D.Se., F.R.LC., Chemistry Department, University College, 
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, Organic Chemistry Department, 
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The University, Liverpool. 
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Research Department, Widnes Laboratory, Widnes. 

G. R. Barker, B.Sc, Ph.D., Chemistry Department, The University, 
Manchester, 13. 


M. A. T. Rogers, B.Sc, Ph.D., A.R.1.C., Imperial Chemical Industries, 
Ltd., Hexagon House, Blackley, Manchester. 

P. L. Robinson, D.Se., F.R.LC., Chemistry Department, King’s College, 
Newcastie-on- Tyne 

Professor F. G. Soper, C.B.E., D.Sc., Ph.D., 
Dunedin, New Zealand 
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W. Rogie Angus, MA., D.Se., Ph.D., F.R.1.C., Department of Chemistry, 
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D. O. Jordan, M.Sc., 
grin ng: 


. E. Sutton, M_A., D.Phil., F.R.S., Magdalen College, Oxford 
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H. T. Openshaw, M.A., D.Phil., Chemistry Department, United College, 
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The University, 
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M@B LABORATORY CHEMICALS 
IN THE SERVICE OF INDUSTRY 


tT | 1 
7 ite to 


NEIN.F 
payee gd — 


Hees NB 


Never before has so much stress been laid upon the vital importance 
of ensuring absolute purity in manufactured foodstuffs of every kind. 
At the same time, a period of world food shortage demands that 
every ounce of food be used with strict attention to its nutritive value. 

Under these circumstances, laboratory control in the food industry 
assumes a new significance. 

Where so much depends upon the results of the work involved, 
the chemicals in use in the laboratories must be of proven quality. 
The M&B range of Laboratory Chemicals has consequently been 
readily accepted in many laboratories attached to the industry 
Specifications have been selected to meet the widest demands of 
normal laboratory practice. 

A complete brochure of specifications will be sent on request. 
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Graduated Glassware 
provides long and 
efficient service. 


Accurate Calibration * 

tn all work which entails the precise measuring 
of tquids, you can plece the utmost relence on 
PYREX Brand Gradusted Glaseware, The sccuracy 
with which the calibrations end graduations ere 
made 3 an atwrance of correct volumetric Capacity 


Mechanical Strength 


By reason of the extremely low coefficient of 
expansion of 32% 10°* per degree C. the structure 
of PYREX Brand Gradusted Glassware can be made 
more robust than thet of ordinary laboratory giess. 
thus ensuring greater protection against breakage. 
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1945 and on which he served until 1948 when he declined re-nomination. He was elected 
Chairman of Convocation in 1948. 

The Principal of the University has kindly supplied the following appreciation. “ Through- 
out the last 23 years of his life he was well-known figure in University affairs and rendered 
valued services to the University as an ‘ elder statesman ‘ during the last five years of his life. 
He took a leading part in the discussions of the post-war plans of the University and was 
Chairman of two important Councils, the Finance and General Purposes Committee and the 
External Council. In his capacity as Chairman of the External Council he had much to do with 
the development of more intimate relations between the University and the four university 
colleges which still take the External degree of the University of London.” 

Other Services to Education.—He became a member of the Surrey Education Committee, as 
a representative of London University, when it was reconstituted after the Education Act of 
1944, and he served on the Secondary Education and the Further Education Committee and 
became especially interested in the work of the latter where his advice and knowledge were 
highly esteemed. 

He gave the Committee great help in drawing up and administering their scheme for Award 
of Major Scholarships and Exhibitions to students taking university courses, and also in planning 
——— 

A development which took place during his period of service was the decision of the County 
Council to make an annual grant of nearly £30,000 to the University of London. 

The Chief Education Officer writes : “ It is very unusual for a member who is not a member 
of the County Council to be selected to Office on the Surrey Education Committee but Sir 
Robert Pickard was so highly esteemed by his colleagues that they selected him Vice-Chairman 
of the Further Education Committee.” 

He served as Honorary Secretary of the teachers’ panel of the “ Burnham Committee "' 
dealing with salaries for teachers in technical colleges and art schools, 1922—1925, and from 
1920 to 1923 was a member of the Consultative Committee of the Board of Education. From 
1930 to 1940 he was a Member of Council of Manchester High School for Girls and from 1940) 
to 1948 Chairman of the Governing Body of Roedean School. 

He served as a Member of Council of the Leatherseller's Technical College from 1924 to 1948 

He was also at different times a member of the Courts of the Universities of Birmingham 
and Manchester. 

Royal Institute of Chemistry.—Pickard became a Fellow of the Institute of Chemistry in 
1902 and in later years developed a keen interest in its affairs, particularly those concerned 
with the education and training of chemists. He was a member of its Council during the 
periods 1923-1926, 1944—1946; Vice-President 1927-1930, 1930-1043; President 1936—- 
1939 and Censor 1936-—1944. 

During his Presidency he delivered the eighth Gluckstein Memorial Lecture (in 1936) with 
the title ‘‘ An Experiment in Co-operative Research in the Cotton and Other Textile Industries 
in which he summarised his views and experience as the Director of a large Research Association 

Chemical Society and Chemical Council.—Pickard joined the Chemical Society in 1897 and 
served on the Council, 1916—1920, 1926-1928, and as Vice-President, 19311934, 1937— 
1940: he was for many years a very regular attendant at the Society's meetings. The Historica! 
Review of the Chemical Society 1841—1941 states (p. 154): “ In the Society he has for years 
been a watchful and outspoken critic of its methods and organisation and his criticism has been 
constructive. He was one of those who proposed the formation of a Reconstruction Committee 
in 1932 and was its most active member. The various recommendations of this important 
committee were put into effect and resulted in an extension and an invigoration of the Society's 
activities. His foresight and experience have been of great value to the Finance and General 
Purposes Committee, on which he served for several years, and to Council. Directly, in such 
activities as these, and indirectly as Chairman of the Chemica! Council (1931—1938), he had 
a great influence on the development of the Society in the last decade.” 

Industrial Research.—Pickard'’s experience in Lancashire had led him to a deep-rooted 
belief, to which he frequently gave expression, that the application of the results of fundamental 
research to industrial processes would result in valuable technological developments, and he 
told the writer of this Notice that pressure was exerted on him about 1920 to take an active 
interest in the new Research Association movement. It is certain that the pressure only needed 
to be gentle to start him off on this course, since his inclinations had been tending in this 
direction for some time, and his desire for an administrative post of the type afforded by the 
supervision of a research association had been steadily growing. His recognition that the 
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the leather manufacturer, and accordingly he gathered together a highly competent staff of 
research workers which included the late Dr. D. Jordan-Liloyd amongst its first members. 

He soon became convinced that if an industry was to receive substantial benefit from its 
research association the work of the stafi must be made known to and applied by members of 
the industry, and so visits to works and surveys of processes were arranged and organised 
Although he was Director for only 7 years he maintained his connexion with the British Leather 
Manufacturers’ Research Association, in the first place as consultant and later as honorary 
consultant, until the tume of his death. 

He was a loyal and devoted servant of the leather industry, pre-eminently as a planner 
and an organiser, and in these capacities he rendered notable service which has been freely 

by the industry as a whole : he did not attempt to make any profound contribution 
to the scientific studies of the research association. 

In recognition of his services to education and to the application of scientific research to 
industrial processes he was elected an Honorary Liveryman of the Leathersellers’ Company 
in 1938 

Brittsh Cotion Industry Research Association.—Ot Pickard’s numerous activities the one 
with which his name is most closely associated is that of his Directorship of the British Cotton 
Industry Research Association—a post to which he was appointed at the age of 53 whilst 
still alert and vigorous, with a varied experience behind him which included an “ apprentice- 
ship ” of 7 years as Director of the British Leather Manufacturers’ Research Association. 

When the Directorship of the Cotton Research Association fell vacant in 1927 through the 
death of Dr. A. W. Crossley the post was advertised but Pickard would not apply. It is no 
secret that he had felt some disappointment at not being called to fill the position when the 
Research Association was formed in 1919. Fortunately there were those in Lancashire who 
realised that Pickard was the man for the post and a deputation came to London and induced 
him to return to Lancashire. Thus he entered on what proved to be the most fruitful period 
of his career. 

He found that a vast amount of first-class scientific knowledge had been accumulated, but 
that after six years the industry was getting impatient and looking for more practical results. 
He saw that the time was opportune for an intensive application of the knowledge already 
gained and for the introduction of special means to link the scientists more closely and effectively 
with the practical men from the mills, and in 1928 a liaison officer was appointed and a liaison 
department formed. At the same time investigations of both a fundamental and a technological 
character were actively pursued and on a steadily increasing scale, so much so that several 
extensions of accommodation had to be provided during the ensuing 15 years—including a 
three-story block of laboratories and a large work room to house weaving machinery, which 
were formally opened in 1936 by the late Lord Derby. 

Pickard tackled with understanding the special difficulties facing the Director of a large 
research association in an industry divided into several distinct sections, ¢.g., spinning, weaving, 
bleaching, and finishing. He came to realise that one important function of such a research 
association is to envisage the industry as a whole rather than as a collection of component 
groups of firms with sectional interests and requirements. 

The success of his policy taken in combination with the life and vigour he infused into the 
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Shirley Institute community may be gauged from the fact that when he retired after 17 
strenuous years the Research Association was recognised on all sides as an essential part of the 
textile industry and its name was known throughout the world. 

By the time he had retired in 1943 the Shirley Institute with a staff of more than 350, 
including 80 graduates, had become a splendid organisation in the building up of which he had 
exerted all his powers of initiative, drive, and administrative ability, and in which he took 
= 

Pickard regarded his stay at the Shirley Institute as the most congenial and productive 
period of his career—it certainly provided an opportunity where his unusual combination of 
qualities could be exercised to the full. 

In all councils and committees of which he was a member, Pickard expressed his views and 
opinions with clarity and force—on occasions not unmixed with a modicum of truculence-- 
and was always listened to with attention even by those who disagreed with him. His inform- 
ation on matters of fact was always valuable and there were many occasions on which he was 
able to draw attention to the terms of Government orders or other official decisions which had 
escaped the notice of his colleagues but which were highly relevant to the subject under 

He was fond of attending committee meetings and, apart from very occasional lapses into 
impatience, he was an admirable committee man: the agenda had been carefully studied and 
pondered on and it was seldom that he failed to contribute at least one useful or constructive 


During this period of office as Vice-Chancellor of the University of London the Board of 
Studies in Chemistry gave a dinner in Pickard’s honour, at which the late Professor J. C. 
Philip made the well-received jest “ What we all admire about Pickard is his downrightness—- 
not that that excludes uprightness!" Both downrightness and uprightness were indeed the 
salient qualities of the man. 

To the end he was a personality and a man of affairs, frank and fearless in manner. His 
highly developed critical faculty was in frequent evidence, but in turn he accepted criticism 
without resentment and usually respected the more highly those who could return some of his 
critical sallies. 

To some his outward bearing was rather aloof or even harsh, but to know him intimately 
was to recognise a very human man with a high sense of moral values, whose word was his bond. 

In 1901 he married Ethel Marian, daughter of Henry Wood of Edgbaston and Dudley and 
had one son and one daughter. He was created Knight Bachelor in the Coronation Honours 
of 1937. His family life was a happy one until a few years ago when he suffered two severe 
blows in the death of his wife and shortly afterwards of his only daughter. He leaves an only 
son, at whose home in Surrey he died in his sleep. 


I am indebted to the Registrar of the Royal Institute of Chemistry, to Dr. F. C. Toy, C.B.E., 
of the Shirley Institute, and to Dr. H. Phillips, Director of The British Leather Manufacturers’ 
Research Association, for help in the compilation of this notice. 

J. Kewvon. 


464. The Reactions of Certain Epoxides in Aqueous Solutions. 
By W. C. J. Ross. 
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A NUMBER of attempts have been made to relate the biological effects of the mustard-gas types 
of compound with their chemical reactivity. The suggestions that mustard gas acts by the 
liberation of intracellular acid or that it is converted in the tissues into a reactive sulphone 
were once current but they have been rejected by Peters and Walker (Biochem. J., 1923, 17, 
260). A more recent hypothesis was that of Barron, Bartlett, and Miller (/. Expt. Med., 1948, 
87, 489) who believed that “ nitrogen mustard-gas "’ derivatives could act as structural inhibitors 
of enzymes because of the similarity between choline and acetylcholine and the ethyleneimonium 











ions derived from these “ mustards.” Ut to doubttul whether the letter hypothesis covers the 
case of more complex aliphatic “ nitrogen mustards” or of the aromatic “ nitrogen mustards “ 
which do not appear to yield ethyleneimonium ions (Ross, /., 1949, 1972). It would now seem 
that the characteristic feature of all the mustard-gas types of compound which exhibit 

* radiomimetic *’ properties (Hoyland, Biochem. Symposia, 1948, No. 2, p. 67) is their ability to 
act as difunctional electrophilic reagents under mild conditions in aqueous solution (Davis, 
Everett, and Ross, J., 1960, 1331). 

Epoxides are known to act as electrophilic reageats under these same conditions and it has 
been demonstrated that they react readily with proteins at physiological pH (Fraenkel-Conrat, 
J. Biol. Chem, 1944, 154, 227). This led to the testing of various diepoxides and 
the establishment of their radiomimetic properties (Loveless and Revell, Nature, 1949, 164, 
938; Davis, Everett, and Ross, loc. cit.; Bird, in the press). 

In the case of the aromatic “ nitrogen mustards "’ the efficiency of a compound as a tumour- 
growth inhibitor runs parallel with its relative reactivity towards nucleophilic centres, a property 
conveniently assessed by measuring the rate of hydrolysis in aqueous acetone (Haddow, Kon, 
and Ross, Nature, 1948, 162, 824). Since this hydrolysis proceeds by an S,1 mechanism, one 
is, in effect, measuring the rate of production of carbonium ions from the arylhalogenoalky!- 
amine. One object of the present work was to discover whether a similar correlation between 
the biological activity of various diepoxides and their reactivity towards nucleophilic centres 
could be established. Bronsted, Kilpatrick, and Kilpatrick (/. Amer. Chem. Soc., 1929, 51, 
428) have shown that when an epoxide reacts in aqueous solutions containing anions the 
following reactions take place 


e 
Q) HO + RCHCH, 4 4,O —> R-CH(OH)CH,OH + H* + On- 
Ww * 
2) HO + RCHCH, + HOt ——> R-CH/OH)CH,OH + H* + H,O 
Ww 


a 
3) H,O + RCHCH,+A™~ —— > RCH(OH)-CH,A + OH- 
Ww 


A 
4) HOt + RCHCH, « Am —> RCH(ON)CH,A + H,O 
YY 


(1) and (3) being the “ spontaneous “ addition of water and anion respectively and (2) and (4 
the corresponding acid-catalysed reactions. 

The reaction with anions (3) liberates hydroxy! ions and proceeds at a velocity which is 
independent of pH over the range 4—8°5, but Bronsted ef al. (loc. cit.) have suggested that the 
reaction might be reversed at higher pH and have shown that more rapid acid-catalysed reactions 
occur when the pH falls below 4°2 (see also below). To measure the reactivity of an epoxide 
towards anions it is therefore necessary to be able to determine the amount of hydroxy! ion 
liberated and to keep the pH within the prescribed limits; both these conditions may be 
satisfied by the continous titration of the reaction mixture with a weak acid. 

Most organic anions react slowly with epoxides so that in order to be able to make a rapid 
comparison of the relative reactivities of a range of compounds the strongly nucleophilic 
thiosulphate ion was used—compare the high reactivity of this ion towards the carbonium ions 
derived from di-2-chloroethy! sulphide (Ogston, Trans. Faraday Soc., 1948, 44, 45), the aliphatic 
“ nitrogen mustards  (Golumbic, Fruton, and Bergmann, /. Org. Chem., 1946, 11, 518), and 
their aromatic analogues (Ross, ]., 1949, 2589). 

Since a number of the epoxides examined were sparingly soluble in water it was necessar 
to measure the comparative reactivities in aqueous acetone. In the method finally adopted the 
epoxide was added to a boiling 0°2™-solution of sodium thiosulphate in 50% acetone containing 
phenolphthalein as indicator and the alkalinity which developed was continuously titrated 
with O-2n-acetic acid; the rate of addition of acid was proportional to the rate of ester form 
tion. Under these conditions changes in the composition of the solvent caused by the addition 
of aqueous acid and the effect of added acetate ions were not significant, for the unimolecular 
rate coefficient calculated from equation (i) below was reasonably constant. With epoxides of 
the general formula “— the reaction with the thiosulphate ion was quantitative, 
negligible amounts of glycol being formed so that (viii) (see below) becomes simplified to : 


_ 2803 100 


; «tor ®) ester formed 
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For more heavily substituted epoxides some glycol was formed under the standard conditions 
and the ratio s/y was calculated from : 


100 — % ester formed at ¢ = « ti) 
nnmtias ~*,rtrr en 2 4 


oa Slo ealee, We Oa eee equation (viii) being used. In some cases, 
particularly of unsymmetrical diepoxides, the value of A’ was not constant throughout the 
Se Ne Oe ee eee ee 
for 20% and 80% reaction: the results are discussed below. 





Taste I, 
Correlation of the chemical reactivity of various epoxides anth their biological activity. 
1004" (thio), Nee Tumour 
Compound. min.* LD,, mg./kg* inhibi 
—*2* of NN-di-(2 : 3-epoxypropy!)-p-anisidine . = 100 


a * aoe mam ee pe . 
Ethylene —— wert — 


— 
— 


2:4: OTH 
1:25 
Ethyl ai’: 


NN-D 





1 ary roost 5-dimethythexane ° 
p-Divinylbenzene dioxide * 

1 . 2-3: 4-Diepoxy-2 : 3-dimethylbutane ° 
1-Vinythex-3-ene dioxide * ; 
CPOPSTEMIEO CHEBD 000000000 —— 
2-3-6: 7- Diepoxy- -2: ¢-dimethyloctane (dihydromyrcene 


nO 
69 
67 
oo 
“ 
36 
MB 
33- 
44 
we 
3s 
30 
26 
24- 
23- 
19- 
2~ 
. 
5 


2-3 : 4-Diepoxy-! : 4-dimethylbutane * 
1 2-8: 4-Diepoxy-1 : 4-diphenylbutane ® ................ , 


Aarylontiote necocacesdueebeceecsswncssusnsbsaperncarqueccsbinnat 


° ry ana of these compounds will be described in a later communication by Prof.G. A. R. 
ion and L. Everett. 


Gan Gs beens, Rec. Trav. chim., 1948, 67, 438 


* Administered in arachis oil to mice by an intraperitoneal injection. * Measured against the 
transplanted Walker rat carcinoma. 


Since the reaction of simple epoxides with thiosulphate in 50% acetone is quantitative it 
provides a convenient method for the determination of such epoxides in aqueous solution. By 
adding an equal volume of acetone and then sodium thiosulphate to make the solution 0°2m. and 
titrating the alkalinity formed, the rate of disappearance of epoxide from aqueous solutions 
under a variety of conditions can be followed. Earlier methods for the quantitative determin- 
ation of epoxides, such as those of Lubatti (J. Soc. Chem. Ind., 1944, 68, 133), Nicolet and 
Poulter (J. Amer. Chem. Soc., 1930, 52, 1186), and King (Nature, 1049, 164, 706), are not easily 
adapted to the determination in dilute aqueous solutions. 

The rates of reaction of several mono- and di-epoxides in completely aqueous solution have 
been studied by using this method of determination. Table II shows the rate at which these 
epoxides react (a4) with water alone to form glycol and (6) with 0°Im-sodium acetate to form 
ester and glycol at 37°—these conditions approximate more closely to those encountered within 
cells than those used to determine the order of activity as in Table I, but unfortunately they can 
only be used for the more water-soluble compounds. There is a considerable difference in the 
relative amounts of reaction with water and with anion when the reaction proceeds in water 
alone, as compared with the reaction in 50% acetone—more ester being formed in the latter 
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case. This is one of the reasons for adding acetone before determining the amount of epoxide 
in solution by the thiosulphate method. 


Reaction of epossdes with (a) water and (b) water cont 


Taste I. 





ng 0 lm-sod 


acetate and 0 ln -acetic acid. 


(Conen. of oxide, 01m. for monoepoxides and 005m. for diepoxides. Temp. 37°.) 


tb) 





Time, % epoxide 


reacting 


3. 4 Dieposybutane 
15-5 
24-2 
74 
435 
ws 
686 


6 Dieporyhexane 


Di-(2 . D-epoaypropy 
a4 
45 
75 
wo 
119 
170 
1. 2-5 6. Dieeperyhevane * 
55 
5 


19-0 
250 


wo 


an4 
445 





» 
% ester 
formed reacting 


000T! 
0970 
06-0071 
0.0071 


0019 
o-o185 
ool 
0-O185 
» 020 


00-0070 
0.0069 
0.0065 
00062 
0.0055 
00044 


0023 
0-023 
0-Oo23 
oom 
oor 
0-023 


00071 
0 0069 
0 0067 
0-0067 
00065 
0 0067 


ooolt4 
owls 


ooot 
08-0020 


Ooole 
@-0017 


% epoxide 


a, hr 


60-0071 
00068 
00065 
00-0070 


00185 
O-O18S 
0-018 

O-0185 


0-0074 
00-0075 
0-065 
00-0065 
0-0056 
0-005) 


0 046 
0-047 
0-047 
0-045 


00071 
00074 
00072 
0-007) 
0-0074 
06-0071 


0.0037 
00-0038 
00-0038 
0-0041 


00041 


0.0041 


(Ac), br. 


0-0036 
0-0035 
O-0035 
040037 


0012 
0-012 
00115 
0-013 


00031 
0.0032 
0-0032 
0-0033 
0-034 
00034 


06-0021 
06-0022 
0-022 
0-022 
00020 
0.0020 


* In these experiments 50%, acetone was used as solvent in place of water 


Brensted ef ai. (Joe. cit.) studied the reactions of several monoepoxides in aqueous solution, 
using a method similar to that now adopted, but they were not able to measure the rate of 


disappearance of epoxide in the same experiments as the rate of ester formation 


The coefficient 


for the rate of reaction of the oxide with water was determined separately by a dilatometric 
method in the absence of salts and then in the presence of varying concentrations of a salt— 


sodium perchlorate—which had been shown not to react to form an ester 


In this way the 


variation of the rate coefficient with rising salt concentration was determined and assumed to 
apply in other cases where the anior was not unreactive 
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Although the accuracy attained in the present work is not as high as that of Bronsted al. 


with water. As in the case of reaction with the thiosulphate ion, it was necessary to prevent 
the solution becoming alkaline because of reaction (3), and this was done by having an excess of 
acetic acid present; the buffering action of sodium acetate kept the pH of the solution within 
the required limits. The amount of ester formed was determined as in the experiments of 
Brensted ef al. by titrating the remaining acetic acid, and the epoxide content of the solution was 
determined in the same aliquot, after addition of acetone, by the thiosulphate method. As the 
acetic acid is little dissociated, practically all the acetate ions come from the sodium acetate, 
and as the oxide reacts by equation (3) the acid is neutralised, with the result that the acetate 
ion concentration is kept constant. Thus for the reaction with water (1) : 


dfoxide) /dt — A,foxide) . - (ui) 
and for the reaction with anion (3) : 
dfoxide} /dt = A,foxide)}[A~) — &’[oxide}, where A’ = A,[A~) . . Pos 


It is assumed that the rate-determining step is the attack of the oxide by a water molecule or 
an anion (see below); 4, includes the constant concentration of water. The acid-catalysed 
reactions (2) and (4) will not be significant at the pH of the acetate-acetic acid mixtures 
Combining these equations and integrating, we have 


. 100 
(hy + A’}t = 2-303 logy, wo, thie, » tv) 


100 
2903 lhe GU, FP 
where s and y = % epoxide converted into glycol and into ester, respectively, in time ¢, 
Since +/y = 4, /k’, equations (v) and (vi) may be re-written : 


2303 100 
a + ya) x· — (1 + yaa 


A 2-303 1 vey 100 a ’ 
7 ui + x/y) 8 10 loo — fi + slyly . «{ ini) 


. . (vii) 


which can be solved since s, y, and ¢ are determined in the experiment. The values of the 
coefficients &, and &’ given in Tables II and III were calculated by using these equations. In 
Table ILI, which shows the effect of increasing acetate concentration on the extent of the reaction, 
hk, = k’(A~) which should be constant if the reaction proceeds as in (3). 

The first part of Table IV shows the amounts of ester and glycol formed when one of the 
most biologically active diepoxides—1 : 2-3 ; 4-diepoxybutane—reacts in solutions containing 
different anions. The reactions were carried out in the presence of relatively small amounts of 
the corresponding organic acid in order to keep the pH within the required limits. In the case 
of the anions derived from strong acids, the corresponding acid could not be used since too 
great a decrease in pH would have resulted; therefore acetic acid was employed. Since the 
concentration of acetate ions was low compared with that of the anion being examined, no 
serious error was introduced by adopting this procedure 

Table IV also shows the result of allowing the diepoxide to react with several anions in the 
absence of added acid—these figures are discussed below. 

An approximate value for 4,—the rate coefficient for the acid-catalysed addition of water— 
has been determined for several epoxides by measuring the rate or glycol formation in solutions 
of different hydrogen-ion concentration; namely, in water alone (pH « 7), in 0-06n-acetic acid 
(pH = 3), and in 0-ln-hydrochloric acid (pH = 1). The rate coefficient (4,) is obtained from 
the expression 4, = (k* — &,)/[H*)], where A* is the rate coefficient for the formation of glycol 
calculated from equation (vii) at pH — * (Brensted notation). The amount of ester formed 
in the reaction with dilute acetic acid was neglible. The results are formulated in Table V1. 

Discussion.—As Branch and Calvin have pointed out (“ The Theory of Organic Chemistry,” 
New York, 1941, p. 403), the reactions of epoxides in aqueous solutions are examples of the 
Lowry mechanism, that is, the processes involve the combined action of an acid and a base. The 
effects of structural modifications on the reactivity of the oxiran ring towards water and anions 
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Reaction of epoxides im aqueous solutions contaimng O1N-acetic acid and various concentrations of 
. (Conen. of oxide, 01m. for monoepoxides and 005m. for diepoxides. 
Time, 24 hours.) 
col epoxide 
EL cry * a’ (Ac) A, (Ac 


365 
520 
62:5 
61-5 
42 


060-0070 
OOOT4 
08-0075 
0-0071 
00074 


1 | 2-6: 6. Diepowyherane 
“0-023 
447 
9041 
0-036 
0-036 


Dt-(2 : S-epowypropy!) ether 
- het . 0-0071 
66 Bs * 471 0-031 
12-6 § t 0-007% 7 0-031 
was { 00090 0-032 
4746 2- 00004 - 0-031 


Taste lV 


Reaction of 1: 2-3: 4-diepoxybutane with various anions. (Conca. of epoxide, 0°025m. Temp., 37” 
Time, 24 hours.) 


%, ester % epoxide % conversion 
Anion formed reacting into ester 
” vy ee 0-05n-acetic acid ..... 100 
0-025u-Thiosul te, 0-06m-acetic acid 92 

. 0-bu-lodide, salen ~acetic acid 
. 0 166m-Citrate, 0-05n-citric acid 

0-5u-Chioride, 0-05x-acetic acid 

0 Sm Acetate, 0 06n-acetic acid 

0-5u-Benzoate, 0-05N-benzotc acid 

0-26m-Tartrate, 0-06n-tartaric acid 

0-25m-Oxalate, 0-05n -oxalic acid 

0. 5u-Formate, 0-05n-formic acid 

0- Gu-Nitrate, 0-04n-acetic acid 

0 bm-Acetate 

& Su-Benzoate 

0 5u-Chioride 

0 26m-Thoosulphate 

0-00125~- Sodium hydroxide 

0-1n-Sodium hydroxide 

0-x-Sodium — 

Water alone 
. 0-06n-Acatic acid 








Certain Epoxides in Aqueous Solutions. 
Taste V. 
a, (Ac).* 
0-036 


* From Table II. * From Table I. * The conditions were exactly as described for results in 
Table I except that 0-2™-sodium acetate was also present. 


Taste VI. 
Rate coefficient (k,) for the acid-catalysed addition of water (for conditions, see p. 2271). 
A, (at m (at » (at 
Compound. pH « 7). . 


Pua Cae CREB .0veccccccsessssconrasangececsvasocatesossones . 60001 
— A, =  — &,/(H*) * 


under conditions where ‘‘ spontaneous " and acid-catalysed reaction can occur are best 
by considering that the following mechanisms operate for the reactions (1)—(4) on p. 2258. 


qh) K 


. *. 
.» HO~ + CH -H 


H - — 
H-OH ee - tH, <-oc} HO---H eed On CHyOH 
- tb - = 4 J 


(2) K r R 7° )* R 
CH — >| CH + H,O x | + HO —> CM +H 
H,O* —> O-—-CH, . H--O-—CH, ~ -H a H CH,OH 


(3 K c k 


CH age | gH _» HO- + aN 
H-OH > O—CH,  A- HO--H-4 2u,- Ad CHA 


K r k 
H SH. + HO 
H,O*-—>0O LH—-O—CH, 


r RK + R 
| CH f+ A> > CH, 
_H-~O—t H,- OH CH,A 


The unstable oxiran ring will be partly polarised with a fractional negative charge on the 
oxygen atom and a similar positive charge on the terminal carbon atom. The direction of ring 
fission shown in this scheme applies to those compounds where R is an electron-attracting group 
(see below). Spontaneous addition of water (1) is regarded as an attack on the positively- 
charged carbon atom by a water molecule acting as a base by reason of the lone pair of electrons 
on its oxygen atom, followed by solvation of the charged oxygen atom and subsequent 

of hydrogen and hydroxy! ions in equivalent amounts so that the solution remains 
neutral. Similarly, the reaction with an anion (3) involves the attack of the carbon atom by the 
anion followed by solvation of the charged oxygen atom. In this instance hydroxyl ions 
alone are eliminated and the solution becomes alkaline. In the acid-catalysed reactions (2) and 
(4) the two stages are considered to be the attack of the hydrogen—or more likely the oxonium— 











2264 Ross: The Reactions of 


ion on the oxygen atom yielding an acid complex followed by the attack of the base (anion 
or water molecule) on the carbon atom. 

It is now suggested that the initial step in the spontaneous reactions is the attack of the base 
on the terminal carbon atom but in the acid-catalysed reaction it is the attack of the oxygen 
atom by the oxonium ion. The dependence of the rate of the spontaneous reaction upon the 
concentration of base (Table III) and its independence of hydrogen-ion concentration over a 
wide range, and the dependence of the rate of the acid-catalysed reaction upon the hydrogen-ion 
concentration (Table VI) seem to support this view. 

If these mechanisms are correct it would be expected that substituents in R which are 
electron-attracting and which tend to increase the positive charge on the terminal carbon atom 
and decrease the negative charge on the oxygen atom would favour reactions (1) and (3) and 
retard reactions (2) and (4) A 

The effect of electron-attracting groups such as >N-CH -, ChCH,-, and HO-CH,- on 
the velocity of reaction with the thiosulphate anion, shown in Table I, support the proposed 
mechanism. As would be expected, the positively-charged nitrogen atom in the quaternary 
compound causes by far the greatest imcrease in reaction rate. Electron-repelling groups 
such as CHy~, CHSCH-, and R,N-CH,;- decrease the reactivity towards anions in neutral 
solutions. If both carbon atoms of the epoxide ring are substituted by such groups a large 
diminution of reactivity results as in the case of the oxides of cyclohexene, limonene, and 

dihydromyrcene. The high reactivity of 1: 2-3: 4-diepoxybutane is 
CH,ACH(OM)CHVCH, orobably due to the fact that when one epoxide ring has reacted the 
od product has a glycidol-like structure (inset), and the second ring will 

react more readily, leading to a higher overall reaction rate. 

Conversely, electron-attracting groups should decrease the rate of acid-catalysed reactions 
by lowering the effective negative charge on the oxygen atom ; in fact, substituents should have 
an opposite effect on the two types of reaction. That this is so is clearly shown by the results of 
Bronsted ef al. (loc. cit), who found the following rate coefficients for ethylene oxide and 
epichlorohydrin at 20° 

Ethylene oxide. Epichlorohydna 


a, 36 x lo 97 x 107 
ky 533 x lo 0-41 x 10 


The relative values for the rate of reaction with the thiosulphate ion (Table I) and the 
acid. catalysed addition of water (Table VI) for epichlorohydrin, di-(2 : 3-epoxypropy!) ether, 
giyeadol, and 1: 2-3: 4-diepoxybutane on the one hand and propylene oxide and 1 : 2-5: 6- 
diepoxyhexane on the other support these results. It is noteworthy that these workers found a 
very high value for A, (1°02 at 20°) for cyclohexene, and the rate of reaction of this compound 
with the thiosulphate ion is now found to be of a low order. Another example of the decrease 
in the effectiveness of acid catalysts brought about by electron-attracting substituents is the 
work of Watson and Yates (/., 1932, 1207) on the bromination of halogenated acetones 

The rate coefficients for the reaction of several typical epoxides, including three radiomimetic 
diepoxides, with water and with the acetate ion under conditions where the acid-catalysed 
reactions can be disregarded (see, however, below for a discussion of 1 : 2-5 : 6-diepoxyhexane) 
are given in Table II. Except in the case of 1 : 2-3 : 4-diepoxybutane the rate coefficients are 
constant throughout the course of the reaction, indicating that in the case of the two diepoxides 
the oxiran rings are reacting independently. In the case of the butane derivative the coefficient 
for the addition of water and also that for the reaction with anion decrease as the reaction 
proceeds. The slowing down of the rate of addition of water cannot be ascribed to the formation 
of a glycidol-like compound since glycidol reacts at the same rate as the initial value for the 
diepoxide, but it ts interesting to note that the coefficient for the reaction of the butane compound 
with acetate ions gradually falls to the value for glycidol. 

The rate of addition of water to 1: 2-5; 6-diepoxyhexane in 50% acetone is much less than 
in water alone, but there is not a proportional drop in the rate of reaction with the acetate ion, 
with the result that considerably more ester is formed when the reaction proceeds in aqueous 
acetone 

The value of the rate coefficient for the addition of water (4,) with increasing salt concentration 
(Table III) is practically constant in the case of epichlorohydrin and | : 2-3 : 4-diepoxybutane, 
but rises in the case of glycidol and di-(2: epoxypropyl) ether. Bronsted ef ai. (loc. cit.) 
described this positive salt effect: our own experiments were only accurate enough to detect 
large changes. The values of the coefficient 4, are tolerably constant—the decrease in most 
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cases can probably be ascribed to incomplete ionisation of the sodium acetate at higher 
concentrations. The values for | : 2-5 : 6-diepoxyhexane are again abnormal, but these can be 
accounted for (see below). 

The various coefficients determined in this study are collected in Table V. The rate 
coefhicients for reaction with acetate and thiosulphate anions are in the same order for epichloro- 
hydrin, | : 2-3: 4-diepoxybutane, and di-(2 : 3-epoxypropyl) ether, but there is a divergence in 
the case of glycidol and | : 2-5: 6-diepoxyhexane. Close correlation in the coefficients could 
hardly be expected since the values for acetate were determined in aqueous solution, and 
proanheh wpa tebe  Asabge se oor gpg ces bemromaggic: bore ek 
meant that the pH never fell below about 4°5; the thiosulphate values —A’(thio)— were 
determined in 50% acetone and the pH of the solution was probably lower, for although only 
small additions of acetic acid were made, the thiosulphate ion has no buffering action. The 
effect of this acidity would be expected to be most marked in the case of the more rapidly 
reacting oxides for with these it is necessary to follow the reaction by adding an excess of acetic 
acid and timing the reappearance of the phenolphthalein colour after each addition: the 
reaction is too rapid to follow by a continous titration as can be done with the less reactive 
compounds. Any appreciable change in pH can be prevented by the addition of sodium 
acetate to the thiosulphate solution—the rate coefficient for the reaction with the acetate ions 
alone was negligible [4’(Ac) < 0-002 in boiling 50% acetone). Some values for the rate 
coefficients in buffered thiosulphate are given in Table V. It will be seen that the rate of 
reaction is always lowered to some extent if the pH is kept nearer neutrality, but the reactivity 
of glycidol towards thiosulphate is still high as compared with its reactivity to acetate 
ions. 

The reactions of 1 : 2-6: 6-diepoxyhexane in aqueous solution are known to be abnormal. 
Wood and Wiggins (Nature, 1949, 164, 402) have shown that when the compound is boiled with 
water, 2: 5-di(hydroxymethy!l)furan is formed in 65% yield. This furan derivative has now 
been obtained in good yield by allowing the diepoxide to react in dilute hydrochloric acid. 
Another unusual feature is the low yield of ester when | : 2-5: 6-diepoxyhexane reacts in 
0-1Im-sodium acetate solution. Only about 8% of the reacting oxide is converted into ester, 
whereas the yields of aa in other cases are: epichlorohydrin, 40%; glycidol, 34%; 1: 2-3: 4- 
diepoxybutane, 38%; di-(2 : 3-epoxypropyl) ether, 33%. Despite this low yield of ester in 
dilute acetate ealution, this diepoxide reacts quantitatively with 0°2m-thiosulphate., 

There is an abnormally large increase in the value of 4, (Table LI) when reaction takes place 
in 0'1m-sodium acetate containing 0-1N-acetic acid—from 0-023 in water alone to 0046 hr.~* in 
acetate—acetic acid solution. This increase is not due to a large salt effect, but has been traced 
to a high value for the rate coefficient of the acid-catalysed reaction (4,) (Table V1). 

As a consequence of the high value of 4, for 1 : 2-5 : 6-diepoxyhexane, a small increase in 
acidity will cause a much larger increase in the rate of glycol formation than in the case of the 
other oxides studied, which have a lower value of &,. In particular, at the pH of the sodium 
acetate—acetic acid mixture—found to be 4°6 by direct measurement with a glass electrode 
system—the coefficient for the rate of formation of glycol by acid catalysis, A**, will be 
640 x 10°** or 0-016. The overall rate coefficient for the production of glycol will be A, + A** 
or 0°39; thus it can be seen that the increase in the rate of acid-catalysed addition of water 
accounts for most of the increase observed in Table II. 

It was noted that in those cases where the amount of ester formed in dilute acetate solution 
was between 30 and 40%, and where the value of 4, was low, the epoxide contained a system 
which tended to attract electrons away from the terminal carbon atom. In the case of 1: 2- 
5 : 6-diepoxyhexane the mutual effect of the two epoxide groups is likely to be small since they 
are separated by two carbon atoms, in contrast with the system in the butane derivative (see 
above), and the system approximates to that found in propylene oxide where the tendency would 
be for electrons to be repelled towards the terminal carbon atom. In fact when the reactions of 
propylene oxide were studied they were found to have much in common with those of the 
hexane derivative. The value of 4, for propylene oxide was 0-008, &, in 0'1lm-acetate-0'Im- 
acetic acid was 0-024, &,(Ac) was 0°040, &, was 445, and the values in Table I are of the same 
—* Only 16% of the epoxide reacting in 0°2m-sodium acetate solution was converted into 


— Amer. Chem. Soc., 1946, 68, 41) and Swern, Billen, and Knight (ibid, 1949, 
11, 1152) have discussed the direction of ring fission during the reactions of epoxides under 
conditions of acid and alkali catalysis. They conclude that, when the group KR is electron- 
attracting, cleavage in the conjugate acid formed during the acid-catalysed reaction will oocur 
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exclusively as im (I), whereas if the group is electron-repelling, a considerable proportion 
of the ring fission will be as in (11) : 


Ke HCH, ~ + K->CHN-CH, 
* — ®cHom-cn, Ov 


;— R<¢H-CH,-OH 


H 
(1) (le) fil) (Tla.) 


The carbonium ions (Ia) and (Ila) can be regarded as intermediates in the acid-<atalysed 
reactions, it was shown by Everett ami Ross (/., 1949, 1972) that, of the carbonium ions (III) 
and (IV) derived from halogenoalkylamines, the ion (III) reacted with anions to give about four 


il.) R,N-CH,CH,* R,N-CH,CH-CH, (IV. 


times the yield of ester afforded by the ion ([V). The yields of ester in the reaction of various 
epoxides with 0 In-hydrochloric acid (under the conditions given in Table V1) are as follows : 
epichiorohydrin, 36°5%; 1: 2-3: eo YY TO 32%; di-(2 : 3-epoxypropy!) ether, 27°6% ; 

glycidol, 254%; propylene oxide, 17%; 1: 2-5: 6-diepoxyhexane, 9%. Should the abilities 
of the ions (Ia) and (Ila) to react with anions be similar to those of (III) and (IV), respectively, 
these figures would indicate that very approximately one-half of the propylene oxide molecules 
undergo ring fission to give an ion of type (lie) whilst the remainder give (Ie). This ratio of 
products is found in the reaction of propylene oxide with ethanol in the presence of 
13%, sulphuric acid (Chitwood and Freure, ]. Amer. Chem. Soc., 1946, 68, 680; see also Reeve 
and Sadie, ibid., 1950, 72, 125) 

The yields of ester when the various epoxides react in almost neutral solutions of acetate 
sons (p. 2265) are of the same order as for the acid-catalysed reaction above; this suggests that 
the initial step in the spontaneous reactions of epoxides where R is electron-repelling involves 
an attack by the anion on the non-terminal carbon atom, thus: 


K - K 
CH eA Cth — CHA + OH- 
H-OH ——» O-—CH, Ho H- O— Seu, 4 CH,OH 


Chitwood and Freure (Joc. cit.) have shown that when propylene oxide reacts with ethanol in 
the absence of a catalyst, ring fission still occurs in both directions, though a higher proportion 
opens as in (1). In the case of 1 : 2-epoxy-2-methylpropane, which has two electron-repelling 
methyl! groups attached to the same carbon atom, the uncatalysed reaction with methanol and 
propan-l-ol gives equal yields of primary and secondary ethers, while the reaction with ethanol 
gives twice as much primary as secondary ether (Sparks and Nelson, J]. Amer. Chem. Soc., 1936, 
58, 671) 

The formation of a furan derivative from 1 : 2-5 : 6-diepoxyhexane and the non-formation 
of a dioxan derivative from di-(2 : 3-epoxypropy!) ether in their reactions in aqueous solution 
can also be explained as follows: the first stage in the reaction of the hexane derivative (V) in 
acid solution will be the formation of the monoglycol (VII) by way of the ion (VI). The conjugate 


HCH, HCH, HO CH, H, 
CHC CHOCH, > CH ,OHN)CH CHCH, — CH-CH, 
0 Y o oY 
\ vi Vu 
CH, CH, CHYCH, 
> CH OH CH CH-CH,OH > CH,OH <H H+ H,-OH 
— o 
H 
Vie (™ 


acid from (V11) will yield the ion (VIII) which can readily react internally to form the stable 
five-membered furan ring system (IX). By analogy with the reaction of propylene oxide, about 
16% of the ion (VI) should react to form ester in 0°1m-acetate solution but the ion corresponding 
to (VIII) would probably have a greater tendency to react internally; this would account for 
the low overall yield of ester. If the ion (VIII) only reacts internally, the overall yield of 
ester will be about §°,—this is the amount actually formed. When the reaction is carried out 
in the presence of the highly competing thiosulphate ion, the reaction of the two carbonium ions 
(VI) and (VIII) with water or the hydroxy! group will be suppressed and no furan will 
be formed-—the reaction with this anion is quantitative 
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Di-(2 : 3-epoxypropyl) ether (X) will yield an ion of type (Ie), that is (XI), which gives a 
monoglycol (XII). This will give an ion (XIII) which cannot react to give a dioxan derivative 
but affords the tetrol (XIV). Confirmation of the suggested direction of ring opening in the 
case of this ether is afforded by the high yield of ester in dilute acetate solution, comparable 
— hart anes hoe eee 

"H, CH, a, 
cu,cu CHCH, — —28 — ““, cnsom Sat nn, — 
oH OY 

(X.) (XL) * (XI) 


on 


H, CH, "OCH (OH)-CH(OM)-CH,-0-CH,-CH(OH)-CH,-On 
H,OH)CH CH(OH)-CH, fOr ; — 
OH 
(XII) XIV.) 


The pure 1: 2-5; 6-diepoxyhexane (b. p. 187—-188°) used in this work was prepared by 
Professor G. A. R. Kon and Mr. J. L. Everett by the oxidation of diallyl with perbenzoic acid 
(compare Wood and Wiggins, loc. cit.). The material obtained by Przybytek (Ber., 1885, 
18, 1352) from the corresponding dichlorohydrin doubtless consists mainly of this diepoxide, 
although its b. p. is somewhat lower (179-—180°). The product of b. p. 153° obtained by the 
action of sodium on epichlorobydrin (Bigot, Ann. Chim. Phys., 1891, 22, 433) has also been 
described as 1: 2-5: 6-diepoxyhexane. When this compound (kindly supplied by Professor 
J. B. Speakman) was examined for reactivity towards the thiosulphate ion under the standard 
conditions of Table I, it was found to contain only one epoxide group—as might have been 
expected since it only reacts with one molecule of water and one molecule of hydrogen halide 
(Bigot, loc. cit.)—and this oxiran ring had a higher reactivity towards thiosulphate ions than 
those of the genuine compound. The value of 4’(thio) was close to that of compounds containing 
the system Ritu 6% sy 


It has been suggested above that in the reaction with anions the opening of the oxiran ring 
in the case of compounds in which R is electron-attracting occurs exclusively in a direction 
resulting in the formation of an ester of a primary alcohol. That this is true for | : 2-3: 4-<li- 
epoxy butane has been verified as follows: the diepoxide was allowed to react with a concentrated 
solution of sodium benzoate to which benzoic acid was added as the solution became alkaline 
to phenolphthalein. The product was resolved by fractional crystallisation into a dibenzoate, 
™m. p. 148°, and a residue of lower melting point which had the same composition. The higher- 


CH,(OBs)-CH(OH)-CH(OH)-CHyOB (XV1) 


melting ester was shown to be identical with meso-erythritol | : 4-dibenzoate (XVI) (Ohle and 
Melkonian, Ber., 1941, 74, 202) by conversion into the known tetrabenzoate and by oxidation 
with lead tetra-acetate to the benzoate of glycolialdehyde—identified as its 2 : 4-dinitropheny!- 
hydrazone. 

When the low-melting residue was similariy oxidised, practically the same yield of 
2 : 4-dinitrophenylhydrazone was obtained; this indicates that the reaction of the dioxide 
yields almost exclusively a product with the benzoate groups on the terminal carbon atoms— 
the mixture must contain D-, L-, and meso-erythritol | : 4-dibenzoates. 

The direction of ring opening in the reaction of propylene oxide with benzoate ions has also 
been examined. The product obtained was treated with toluene-p-sulphony! chloride, giving 
_ mixture similar to that obtained by Chapman and Owen (/., b0e8, 579) by benzoylation of 

the product of reaction between propylene oxide and tol Iphonic acid. Fractional 
crystallisation of this mixture gave — — * 1-benzoate—also obtained 
after treating the mixture with potassium thiolacetate (Chapman and Owen, loc. cit.)—and 
te. Thus, contrary to the statement of Fraenkel- 
, 1944, 66, 1420), when propylene oxide reacts with 








estimate the relative proportions of the two esters formed in the reaction with sodium iodide 
> ea gatines to halted te Bete toate Yay 2b Dea Sb a 
Se ee OS See & 2-benzoyloxypropy! 1 (Haggis and Owen, 
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in acetone at 100° (Oldham and Kutherford, ]. Amer. Chem. Soc., 1932, 54, 366) was unsuccessful 
since both isomers reacted quantitatively under these conditions. 

Table IV shows the extent of the reaction of the physiologically active 1 : 2-3 : 4-diepoxy- 
butane with various anions under comparable conditions. The figures given in the final column 
represent the percentage of the reacting epoxide which has been converted into ester. This 
method of expressing the results has been adopted because the amount of epoxide reacting will 
depend on the pH of the solution and the different organic anions will buffer the solution to 
different extents, whilst the inorganic anions will have little buffering action. Since Bronsted 
#t al. (loc, cit.) have shown that the acid-catalysed reactions with water and with anions are 
increased proportionally with increasing acidity, the fraction of the reacting epoxide which is 
converted into ester is a measure of the ability of the particular anion to compete with water for 
reaction with the epoxide. The order of reactivity of the anions towards the oxiran ring is 
similar to that found for their reactivity towards the carbonium ions derived from halogeno- 
alkylamines (Ross, /., 1949, 2589). The nitrate ion competes only feebly, and the formate ion 
is again the least reactive of the organic anions. The high reactivities of the thiosulphate and 
iodide ions is also common to both types of compound. 

If no acid is present (11-14, Table IV) the solution soon becomes alkaline owing to reaction 
(3) (p. 2258); under these conditions considerably less ester is formed in the presence of acetate, 
benzoate, and chloride ions and appreciably less in the case of the thiosulphate ion. Although 
leas ester is formed in the reaction with acetate and benzoate ions in the absence of added acid, 
the total amount of epoxide reacting is practically the same (compare 5 and 11, and 6 and 12, 
Table IV). The increase in alkalinity in the case of the reaction with the acetate ion results in 
the solution becoming 000125~. with respect to hydroxyl ions. That this increase in pH—to 
11-7—is not responsible for the increased amount of epoxide reacting is shown in the table 
(compare 15 and 18). Since the amount of epoxide reacting is dependent on the anion 
concentration, although little ester is formed, and as it has been shown that there is no significant 
increase in the rate of reaction with water with increasing anion concentration (Table III), 
it appears that the reaction proceeds by the initial formation of an ester which is subsequently 
hydrolysed 

In the reactions with chloride and thiosulphate ions less epoxide is transformed than when 
acid is present, though more reacts than in the absence of the anion. It seems likely that esters 
are again the primary products, but this time the increase in pH probably causes a reversal of 
the reaction and an equilibrium state is reached. The conversion of |-chloro-2-hydroxypropane 
into propylene oxide in 76-84% yield by treatment with n/40-sodium hydroxide at 37° shows 
that the reaction is reversible under the mild conditions used to obtain the results given in 
Table IV. 

When the concentration of hydroxy! ions is increased to 010m. there is a considerable increase 
in the amount of epoxide reacting, and when the concentration is 0°-5m.—-comparable to the 
concentration of the other anions in Table IV—all the epoxide is transformed. Thus, contrary 
to the statement of Bronsted ef ai. (loc. cit.) which is discussed by Hammett (“‘ Physical Organic 
Chemistry,” New York, 1940, p. 301), it appears that the hydroxyl ion does react with an 
epoxide ring system, the rate of reaction being faster than with chloride, acetate, and nitrate 
ions. This increase in the rate of conversion of epoxides into glycols in the presence of 0Im- 
hydroxy! ions is quite general (see Table VII). The reaction of epichlorohydrin with hydroxyl 
ions could not be studied because the chlorine atom is rapidly hydrolysed in 0-IN- 
sium hydroxide. Ogston (Joc. cit.) also found that hydroxy! ions were able to react more 
readily than chioride and acetate ions with the carbonium ions derived from di(chloroethy!) 
sulphide 

Taste VII. 
Time of reaction, 24 hours. Temp., 37°. Concn. of monoepoxide, 0-lm.; of diepoxide, 0-05m. 
Compound % reacting in water % reacting in 0-Ln-NaOH. 

Ethylene oxide ......... i184 
Propylene oxide ......... : 163 
Glyc idol 156 
a 23:4 Diepoxybutane 15-5 

Di-(2 : 3-epoxypropy!) ether : 155 


A first-order rate function being assumed with respect to each reactant the unimolecular 
constant for the reaction of an epoxide in mixed aqueous solution can be represented as 


hawk, + ASH + Agog OH™) + 4,/A~ 
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This is of the same form as the equation for an acid-base-~<atalysed 
ee en Oe en ne aE Oe on ae be deduced for 
several from the figures in Tables V, VI, and VII; they are collected together in 
Table VIII. 
Tasie VIII. 
Rate coefficients for the reactions of epoxides in aqueous solution. 
AylAc) x 10°. 


Epichlorob 
Di-(2 : Saami ether 


Unsaturated compounds containing an electron-attracting group adjacent to the ethylenic 


sulphone 
(J. Org. Chem., 1946, 11, 719). This reaction can also be regarded as proceeding by the Lowry 
mechanism, the attack on the polarised double bond being as follows : 


n—o-H —>’ — <— — — RCHION-CH,A 4 OF- 

The rate of reaction of diviny] sulphone is comparable with that of the biologically active 
diepoxides and, although it has proved to be too toxic to be of value as a tumour-growth 
inhibitor, it does produce chromosome abnormalities in the growing root tips of Vicia faba 
similar to those obtained with other difunctional electrophilic reagents (personal communication 
from Mr. A. Loveless). 

Another type of compound examined which reacts in a manner very like that of the 

cH,—CH, diepoxides is the 2: 4; 6-triethyleneimino-derivative of 1: 3: 5-triazine 

f (XVI). Like several diepoxides, this substance has been used as @ 

¥ cross-linking agent in the textile industry (Preston, “ Fibre Science,” 

* p. 266). Since it reacts with wool fibres under quite 

Hy ¥ H, mild ———— treatment involves steeping the material for a 


we” x] short time in a 56—10% solution at 60°—the compound was of interest 


CH, (XVII) Ny as a potential radiomimetic agent. The rate of reaction of the triazine 
with water at 37° was of the same order as the eflective diepoxides (4, for a 24-hour period 
being 0-023 hr.-*) and the rate of reaction with thiosulphate was also comparable (Table I). 

The yield of ester in acetate solutions under the conditions described in Table Il was 26% 
(compare p. 2264) and the yield of chloride in the reaction with 0°ln-hydrochloric acid was 
42%—+slightly higher than for most epoxides. The only significant respect in which the triazine 
differs from the epoxides is in the very high value of the coefficient for the rate of the acid- 
catalysed reactions (Table VI). In view of these close analogies, it was hardly surprising to 
find that triethyleneiminotriazine was effective as a tumour-growth inhibitor and in the 
production of chromosomal derangements (unpublished work by Professor A. Haddow and 
Mr. A. Loveless). 

Table I shows the results of the biological testing of some of the compounds now examined 
for chemical reactivity. An outstanding feature is the finding that no monofunctional epoxide 
is effective as a tumour-growth inhibitor. In general, the toxicity of the compounds is 
proportional to the rate at which the oxiran ring will react with an anion except that a difunctional 
compound is more toxic than a monofunctional compound of comparable chemical reactivity 
{compare epichlorohydrin and glycidol with 1: 2-3: 4-diepoxybutane and di-(2 : 3-epoxy- 
propyl) ether; and also propylene oxide with 1 ; 2-6: 6-diepoxyhexane). This is paralleled 
in the mustard-gas types of compound; for example, ethy! 2-chloroethy! sulphide and dimethyl- 
2-chloroethylamine are much less toxic than di-2-chloroethy! sulphide and methyldi-2-chloro- 
ethylamine respectively. Even amongst the diepoxides it would appear that a certain minimum 
reactivity—as measured by the rate of reaction with the thiosulphate ion--must be exceeded 
before the compound is growth-inhibitory, though this level of reactivity is not, in itself, 
sufficient for activity. The methiodide of NN-di-(2 : 3-epoxypropy!)-p-anisidine is not active, 
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nor is the ester of di-(2 : 3-epoxypropyl)acetic acid—the latter is probably hydrolysed in the tis- 
sues to give a carboxylate anion in which the epoxide groups would be less reactive on account 
of the negative charge. These two exceptions yield ions, and since these compounds probably 
have to diffuse into the cell to exert their effect, they may be inactive because of an inability 
to penetrate the cell membrane (compare Seligman, Friedman, and Rutenburg, Cancer, 1950, 8, 
342). Grove and MacGowen (Chem. and Ind., 1949, 647) give an account of a series of fungicides 
in which ions are inactive because of an inability to penetrate cells. The inactivity of the 
epoxypropy! derivatives of quinol and resorcinol is unexpected, but since these compounds have 
a much lower water and lipoid solubility than the other simple diepoxides, it may be that a 
sufficient concentration of the agents cannot be attained at the required site of action. The 
high-melting isomer of p-di-(2 : 3-epoxypropoxy)benzene only exerts a transient effect upon the 
growth of the transplanted Walker tumour; it is not as active as the simpler diepoxides. 

The substitution of both carbon atoms of the oxiran rings reduces the reactivity below that 
required and hence it would not seem worth investigating other compounds of this type. There 
are, however, indications that, although two reactive centres are required in the molecule, 
these centres need not be equally reactive; for example, the effective | : 2-3 : 4-diepoxy-2- 
methylbutane must contain centres of unequal reactivity. Another example is N-2-chloro- 
ethy!-N-3-chloropropylanil (Kon and Roberts, /., 1950, 978) which is a growth-inhibitor 
though the corresponding di-(3-chloropropy!) derivative is ineffective. These results suggest 
that only one group of high chemical reactivity is required—this would anchor the molecule 
to a receptor and the second group would then have more time to combine with another receptor 
(compare Goldacre, Loveless, and Ross, Nature, 1949, 163, 667). 

The high rate coefficient for the acid-catalysed reactions of certain diepoxides, such as 
1: 2-6: 6-diepoxyhexane is of considerable interest, for it explains why this compound is 
ineffective when administered by mouth. It can be calculated that, at the pH of the stomach, 
over 90% of this oxide is decomposed within two minutes. It would be expected that this 
type of compound would react more readily with nucleophilic centres (see p. 2268) in regions 
where the acidity is relatively higher; this might be significant from the standpoint of selective 
action towards different tissues 

Fraenkel-Conrat (J. Biol. Chem., 1944, 154, 227) has shown, and the present study confirms, 
that epoxides react readily with ionised acid groups, but not with undissociated acids, and it is 
also known that they react with free amino-groups. These characteristics are to be exp-cted 
if the epoxides react through a carbonium-ion mechanism. An important difference bei.ween 
the epoxides and the mustard-gas type of compound is that, whereas the latter react by an Syl 
mechanism and the extent of reaction is largely independent of the concentration of reacting 
centres, the former react by a bimolecular mechanism and the extent of reaction will depend on 
the availability of reacting centres. This is probably of some importance in the reactions of 
epoxides with biological systems where the concentration of reacting groups will vary from site 
to site. Nucleic acids contain a high proportion of ionised phosphate groups and so reaction 
with epoxides would be specially favoured. 

It has been pointed out (Ross, J/., 1960, 815) that agents reacting by a carbonium-ion 
mechanism will be capable of reacting with free amino-groups and with ionised thiol groups as 
well as with anions. Since compounds, such as di-acid chlorides, diisocyanates, and di-iodo- 
acety! derivatives of diamines * and of diphenols, which would be expected to react with amino- 
and thiol groups but not with acidic groups, do not inhibit the growth of the Walker tumour 
(unpublished work by Professor A. Haddow), nor do they produce chromosomal abnormalities 
in the growing root tip of Vieta faba (Mr. A. Loveless, in the press), one is led to the conclusion 
that the various radiomimetic compounds owe their especial properties to an ability to react 
with ionised acidic groupings under mild conditions 





EXPERIMENTAL 


Determination of Epoxides aith Thiosulphate.—-When an epoxide is heated in a solution of sodium 
thiosulphate in 505, acetone, the solution rapidly becomesalkaline. It has been shown that the reaction 
producing hydroxy! ions (reaction 3, p. 2258) is quantitative, provided that the solution is kept almost 
neutral by titration with a weak acid. Satisfactory results were obtained with the more rapidly reacting 
— if acetic acid was added before the heating and the excess was titrated after reaction was 





* The — tion of chromosome aberrations in the epithelial cells of the newt, J riturus palmatus, by 
the action of N.\ «<li(iodoacetyl)-o-phenylenediamine reported previously (/., 1949, 1972) has not been 
confirmed by later work—the original results remain unexplain private « ommunication, 
Mr. A. Loveless) 





{1950} Certain Epoxides in Aqueous Solutions. 


complete, but this method was unsuitable for the less reactive 
heating resulted in the decomposition of the unstable thiosulphanc 

Gaseshceret or Semeey 
determination of epoxides 


further was 
minutes—the solution was cooled and any excess of acetic acid titrated with 
I~ ium hydroxide (1 ml. of 0-1y-acid = 0-1 milliequiv. of oxiran oxygen). All epoxides of structure 


ago Hy gave a quantitative liberation of hydroxy! ions under these conditions. 


Determination of k’ * for Various ery dh (Table I).-The conditions were exactly the same 
as for the determination of epoxides except that the thiosulphate solution was heated to boiling before 
the epoxide was added in a small sample tube. The solution was continuously titrated with 0-2n-acetic 
acid and the burette readings were recorded at intervals. With more rapidly reacting 
epoxides it was found necessary to add a known amount of acid and then to time the return of the 
pink colour and soon. A typical experiment was that with | : 2-3 : 4-diepoxybutane : 


39 52 67 76 87 
53-6 62-5 67 715 
* (thio), min + 87 a5 87 a7 


Time, secs. ..... i 117 135 205 236 — 
55* xide reacted .. 80-4 8S : v⸗ ve 100 
* (thio), min. 85 83 83 83 — 


Average value ; 4’ (thio) — 85 « 10° min“ 


Reaction of Epoxides in Water as Aqueous Acetate Solutions (Tables II and IIl).—The mono- 
epoxide (10 millimols.) or is.) was dissolved in (a) water (100 mil.) or (6) O-Lx- 
acetic acid (100 ml.) containing ‘sodium pb (1-36 g.) and kept at 37°. Immediately after the mixing, 
an oa (10 mil.) was removed and in (4) after addition of an equal volume of acetone and then sodiura 

thiosulphate—to give a 0-2m-solution—the sample was heated and the epoxide content determined as 
described above ; in (6) the solution was first titrated with 0-1n-sodium hydroxide, and then the epoxide 
content was determined as before. The addition of acetone is not essential but its presence prevents the 
stem of the burette from emptying and the addition of acid is much easier. At suitable intervals similar 
aliquots of the solution were removed and titrated for epoxide content and acidity. The percentage of 
ester formed was calculated from the amount of acid neutralised. 

The figures given in Table III were obtained in a similar manner by varying the amount of sodium 
acetate in the solution 


Reaction of 1: 2-3: 4-Diepoxybutane with Different Anions (Table IV).—1 ; 2-3 : 4-Diepoxybutane 
(86 mg., 1 millimol.) was dissolved in a solution of the appropriate acid (40 ml., 0-05n.) containing 
the sodium salt (sufficient to give the concentration shown in the table). After the solution had beea 
kept at 37° for 24 hours, the acidity and xide content were determined and the amounts of ester 
formed and epoxide reacting were calculated in the usual manner 


Determination of the Rate Coefficient for the Acid-catalysed Addition of Water (k,) (Table VI).- 
The rates of decomposition of an epoxide in water and in N-acetic acid were determined as above, but 
for the reaction in 0-1n-hydrochloric acid it was necessary to —— the reaction by rapidly adding sodium 
hydroxide equivalent to the amount of acid y present. The excess of alkali was then titrated 
and the amount of ester formed was calculat the epoxide remaining was determined on the same 
aliquot of solution. 


Conversion of 1 : 2-5 : 6-Diepoxyhexane into 2 : 5-Di(hydr ; an.—A solution of 1: 2-5: 6- 
diepoxyhexane (2 g.) in 0-ln-hydrochloric acid (50 ml.) was y evaporated on a steam-bath. The 
last traces of water were removed by repeated evaporation with methanol and a, with benzene 
— —— i chloride (4 g.) 

rs. 


, not 
with material of m. p- <4 J— vith water alone. ood and Wiggins (loc. 
Bagman rage tol p tes of m. p. 114—119° by the action of water. 











iodide (10 mi.) 

benzene was collected and digested with hot ‘acetone. 

dissolving it in a small quantity of hot 

way thick plates of the methiodide, m. ; 

O by thiosulphate method, #6; I’, 349. Cc I requires C, 46-3; H, 66: oxiran-O, 66 
35-0%). The methiodide is soluble in water mg. per mi. at 37°). 


Conversion of 1-Chloropropan-2-ol into Propylene Oxide.—(a) The chioroh 
——— hydroxide (40 ml.) ~ te y at 37° for 17 b wars. 


b) The (94-5 
similarly heated with 0-025n-sodium hydroxide (a0 fet, 1 millimol.) for 24 hours. All the alkali 
7a 











Bensoate Ions.-1 : 2-3: 4-Diepoxybutane (8-6 g.) was 
sml., 2.) containing phenalphthaleta. Geli benstis ack 


Hh 


; 


L 
: 


her-1 

). m. p. 124—1 

the Dib ate with Lead T etra-acetate.—The dibenzoate (1 g.) [(i), m. p. 145-—146* or (ii), 

m. p. 124—136") and lead tetra-acetate (1-35 g.), dissolved in dry benzene (50 mi.), were heated under 

reflux for 2 hours. The filtered solution was then hed with sod b carbonate solution 

(90 ml; 2m.) and water, and finally dried (Na,SO,) and ev ted. Ther ue was dissolved in a 

saturated solution of 2: 4-dinitrophenythydrazine in alcohol (70 ml.) and acetic acid (10 ml.). 

the ipitated dinitrophen —— was collected: (i) 

products melting at 184-—185° (Ohie and Melkonian give m. p. 155"). ; 

quantitative but since the mixtare (ii) gives the same under identical conditions as the purified 
ibenzoate (i) of known structure it is reasonable to conclude that (ii) contains mainly | : 4-dibenzoate. 


‘ 
- 











on ice and the solid product 
The less soluble fraction— 


ised from light 
by ure with an authentic specimen of 2-benzoylo 





undepressed 
m. p. 93°, kindly supplied by Dr. L. N. Owen and Mr. G. A. Haggis (Found : 
Action of Sodium lodide on the lsomeric Telueze-a-exiphonate-Benesatas of Pro ane-1 : 2-diol.— 
1 ° 


The ester (2 g.) was heated in a sealed tube at 96 for 2 hours with a solution of sodium iodide 
(2 g.) in acetone (20 ml.). During this time plates of sodi tol p-sulphonate separated from the 
solution. The salt was collected, washed with a little acetone, and dried. Yield: from ester, m. p. 105°, 
1-17 g.; from ester, m. p. 02°, 1-18; theory, 1-16. 


This investigation has been su ed by generous grants made to The Royal Cancer Hospital by 
the British Empire Cancer Cam . the Jane Coffin Memoria! Fund for Medica! Research, the 
Anna Puller Fund, and the Division of Research Grants of the U.S. Public Health Service, and was 
carried out during the tenure of a Sir Halley Stewart Fellowship. The author thanks Professor 
A. Haddow for permission to quote the results of tamour inhibition studies, Miss Shirley Spooner for 
determining the toxicities, and Professor G. A. R. Kon for his interest in this work. 
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465. The Action of Sodium Ethoride on Chroman-4-ones. 


By Enesenw M. Paprrecp and Muriet L. Tomson. 


Three crystalline substances have been isolated from the product formed when chroman-4- 
one ts boiled with alcoholic sodium ethoxide. All are polymers of chromanone and there is 
evidence that one, m. p. 142°, is 3. 3-di-(2-0-hydroxybenzoylethyl)chroman-4-one, formed by 
interaction of two molec ules of o-hydroxypheny! vinyl ketone with one molecule of chromanone. 
3. 3-Di-(2-benzoylethy!)chromanone has been obtained from pheny! vinyl ketone and chro- 
manone, and also from 3. 3-di-(2-chicroformylethy! none and benzene. 7-Methoxy- 
chroman-4-one is pot easily affected by sodium ethoxide, and it has been shown that 2-hydroxy- 
4-methoxypheny! vinyl Fetone is cyclised by alkali to give 7-methoxychromanone. Preparation 
of the latter from 8 (3-n ethoxyphenoxy)propionitrile is described 


Vow Bravuw (and, in part, O. Bayer), having failed to effect the condensation of chroman-4-one 
with isatin under the alkaline conditions normally used to bring about the Pfitzinger reaction, 
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and finding that they could recover the isatin but not the chromanone, attempted to elucidate 
the action of alkali on chromanone (Asnalen, 1927, 461, 54). They showed that on warming 
with aqueous alcoholic alkali a brown solution was rapidly formed, but they failed to isolate any 
pure substance from the material which acid precipitated from this solution. They showed that 
the crude product had a molecular weight between 500 and 600. 


ketones are, of course, well known. Chromanone might, however, be expected to be rather 


CX pu “H,—-CH,—© an, 


Nev Hy—-CH,—-CO, 
0 ie O 


more unreactive in this respect than a ketone like indan-l-one because of the neutralising effect 
of the oxygen atom (1), and accordingly we found no evidence of the formation of compounds 
anh 


chromanone undergoes preliminary ring opening with the 
formation of o-hydroxypheny! vinyl ketone rather than on an aldol-type reaction, It appears 
likely that this is so. 

We, too, failed to obtain any crystalline material from the product obtained by warming 
chromanone with aqueous sodium bydroxide, but from the material formed when chromanone 
is boiled with alcoholic sodium ethoxide, three crystalline compounds have been isolated. All 
appear to be polymers of the parent substance. Two were obtained only in very small yield. Of 
these, (A), m. p. 107°, is a colourless neutral substance (C,H,O,),, and (2), m. p. 172°, is a colour- 
less alkali-soluble (phenolic) compound (C,H,O,),. (A) is converted into (8) by the action of 
sodium hydroxide. They have not, so far, been further investigated. 

The third product of the reaction, m. p. 142°, is most probably 3 ; 3-di-(2-o-hydroxy- 
benzoylethyl)chroman-4-one (Il; R = OH), formed by interaction of chromanone and two 
molecules of o-hydroxypheny! vinyl ketone. This constitution has not been proved, but there 
appears sufficient evidence to justify the formula (II; R <— OH) for the compound, m. p. 142°. 
The substance is insoluble in aqueous sodium carbonate, but it dissolves slowly in dilute sodium 
hydroxide, forming a pale yellow solution from which it is reprecipitated by acid. Addition of 

ium chloride to the alkaline solution gives an orange-coloured precipitate, and 
when an alcoholic solution of (Il; R — OH) is treated with aqueous ferric chloride a brownish- 
violet coloration is produced. Acetylation gives a diacetyl derivative (II; R = OAc) which can 
be hydrolysed to give (Il; R — OH) again. Methylation with methy! iodide and potassium 
carbonate affords a dimethoxy-compound (II; R — OMe) which is no longer soluble in alkali, 
suggesting that phenolic hydroxy! groups have been methylated. The molecular weight of 
3 : 3-di-(2-o-hydroxybenzoylethyl)chroman-4-one, determined by Rast's method, was discordant, 
but the molecular weight of the diacetyl derivative (Il; R « OAc), determined cryoscopically 
in benzene, was correct. The compound (Il; RK = OH) forms a dioxime and a bispheny!l- 
hydrazone as would be expected, because it is unlikely that the carbonyl! group in the ring would 





LP 

a H 

OC —— OL —— 
oO 


yOH 


(IIT.) (IV.) 


react easily with ketonic reagents. [It has been shown that 3 : — * 
one (IIT) does not react with hydroxylamine even on long boiling : the crude 
does not contain nitrogen.) Senay — — 











2274 Padfield and Tomlinson : 


bromine in acetic acid solution, and on hydrogenation in the presence of Adams's catalyst, woe 
four molecules of hydrogen were slowly absorbed to give a product that was essentially non 
phenolic. Neither of these reactions, however, afforded crystalline material. 

These facts do not exclude the formula (IV) for the substance, m. p. 142°, though this might 
perhaps be expected to yield a trioxime; the structure (I1; RK « OH) is, however, preferred for 
another reason given later 

An attempt was made to oxidise the dimethoxy-compound (11; R — OMe) with selenium 
dioxide in the hope that if formula (Il; R = OH) is correct a tetraketone would be formed and 
could be degraded to give (V) (compare Morrell, Pickering, and Smith, J. Jnst. Petroleum, 1948, 
34, 6867). The dimethoxy-compound, however, failed to react at all with selenium dioxide: it 
appears that the carbony! groups in this substance are comparatively unreactive as it also fails 
to form an oxime. Oxidation of the diacetyl compound (I1; R — OAc) with selenium dioxide 
took place, but the yellow product of the reaction failed to give (V) on further oxidation with 


AX : ) 


, ‘Shen coym MoH CHYCN 

) < _— . : . : wes ) 

* oA H,CO,H “Ne A <q HyCHyCN 
a e 
hydrogen peroxide and sodium hydroxide. The only crystalline product isolated from the 
alkaline solution so obtained was salicylic acid, although a small quantity of a phenolic substance, 
m. p. 119-120", and not identified, was obtained from the solid residue. The results of the 
experiment were therefore inconclusive. 

It has been shown that pheny! viny! ketone reacts with chromanone in the presence of sodium 
ethoxide to give a small yield of 3 : 3-di-(2-benzoylethyl)chroman-4-one (II; R = H); this 
substance was also obtained when phenyl vinyl! ketone was prepared from 2-chloropropiophenone 
in the presence of chromanone (compare Allen and Bridgess, /. Amer. Chem. Soc., 1929, 51, 2151). 
In both reactions most of the pheny! vinyl ketone polymerised toa gum. (II; R =< H) has also 
been synthesised. Acrylonitrile condensed smoothly with chromanone in dioxan solution to 
give 3; 3-di-(2-cyanoethyljchroman-4-one (VI). The acid chloride corresponding to (VI) 
reacted with benzene in the presence of aluminium chloride to give 3: 3-di-(2-benzoylethy! 
chroman-4-one, identical with the substance prepared as described above. 

The formation of (Il; R = H) from chromanone and phenyl! vinyl ketone supports the 
formula (Il; R= OH) for the compound, m. p. 142°, because by analogy with the reactions 
of acrylonitrile with other ketones, there can be no doubt that the dicyanide formed here is 
3: 3-di-(2-cyanoethy!l)chroman-4-one (V1). 

An unsuccessful attempt to synthesise (II; R — OH) was made by heating the dipheny! 
ester of (IIT) with alominium chloride under conditions favourable to bringing about an ortho 
Fries rearrangement. The product, m. p. 185-—200°, although it could not be obtained in a 
chemically pure condition, seemed to be essentially C,,H,,O,, but it appears probable, in view of 
the higher m. p., that at any rate part of the change has involved a pare-rearrangement. The 
failure of this reaction to produce the substance considered to be (II; R = OH) in no way 
disproves the proposed formula. Attempts have also been made to prepare (II; R = OMe) by 
decomposing various Mannich bases from o-methoxyacetophenone in the presence of chro- 
manone, but so far this method has not led to success. The hydrochloride of o-hydroxypheny! 
2-dimethylaminoethy! ketone has been prepared, but when it was decomposed by boiling with 
water in the presence of chromanone an uncrystallisable gum and not (II; RK = OH) was obtained 
A similar gummy product, and not chromanone, resulted when it was refluxed with water 

Direct synthesis of (Il; R « OH) by a Friedel-Crafts reaction similar to that used to pre- 
mare (IL; Ro « H) is impossible because this would require o-substitution into the phenol or 
anisole nucleus, and so far attempts to synthesise (VII), which might be expected to be formed 
from 6-methyichromanone, have not been pursued very far because the product actually obtained 
from 6-methvichromanone is very difficult to purify 


cH 
<< 


CH,CHYCO 


SCHyCH,CO 


He 
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It 1s clear that substituents in the chromanone nucleus modify the ease of polymerisation 


at 245°, as does the compound described by these authors. The vinyl compound (VIII) yields, 
with dinitrophenylhydrazine, a product that has not been obtained in a crystalline condition, 
and (VIII) can be reconverted into ny tte data 2-chloroethyl ketone from 
which it was prepared, by treatment with hydrochloric acid. 

Like Harradence, Hughes, and Lions (J. Proc. Roy. Soc. N. S. Wales, 1938, 72, 273), we were 
unable to prepare an indole from chromanone 
p-nitrophenylhydrazone was unaffected by acid phen 

azone, however, yielded 1’-methylindolo(3’ : 2’-3: 4)chrom- 3-en (IX) on treatment with dilute 
— acid. 
EXPERIMENTAL, 

Chroman-4-ome.— Chromanone was ed by Powell's method | 
2711) which we found preferable to tand Kallner's (Ber., 1024, §7, 204). 
not increase the yield (52%) and we found purification by steam distilla 

8-(3-Methoxyphenoxy) itrile (prepared from resorcino! monomethy! as 9— acrylonitrile by 
the method since descri by Bachmann and Levine, /. Amer. Chem. Soc., 1948, 70, 590, but with use of 
a little sodium as condensing agent) decom very readily on on distillation (b-p. 191—195°/15 mm.) 
calons it ia quite free froze all traves of the wand to seenave the uachenged shane). 

Bee ree )propionic Acid.—The above nitrile (5g. on refluxing for § hours with concen- 
trated hydroc acid (50 c.c.) affords 8-(3-methoxyphenoxy Ley at oe acid, m. p. 82°, best purified 
by extraction in a Soxhlet apparatus with petroleum (b.p ") (yield 4 Ri If decom 
products of the nitrile are present in the material subjected to hydrolysis, the acid obtained is very 
difficult to purify. 

B-(4- Methyiphenoxy)propiontirile, prepared as above from p-cresol and acrylonitrile, ates from 
methy! alcohol as colourless needles, m. p. 48° (Found: N,83. C,.H,,ON requires N, 874%). 

7-M ethoxychroman-4-one.-—_8-(3-Methoxyphenoxy) trile drogen chloride for ———— nin 
Shae © 65 We Sey Sot SO. Se ee ow at 0° for 4 hours, and the 
mixture was kept at room temperature until next day. solid formed was 
washed with ether, — wail wart ay,’ The — * 


mm.) gave 7- methoxychromanone, identical (mixed m. 4 

as described by Perkin, Ray, and ‘Robineoa {J.. = pel i” oie, 3-5 g.). 

ot. ft) 1 ——— cyclisation of this nitrile with sulphuric acid oxide a - 4-4 When 7- 
(0-6 g.) and 2 : 4-dinitrophenylh (0-5 g.) were melted 

bath the the prod ‘oduct solidified and, after extraction with alcohol, a red solid, m. 


tion from glacial acetic acid afforded re ODlreqenee G6 
— aa. a0 found: C, 53-8; H,3-9. C,,.H,O C, 63-6; H, 3-9%). 
Polymerisation of Chroman-4-one —Chromanone (20 g s) was refluxed for 1§ hours with an alcoholic 
solution of sodium ethoxide ‘oodiuen (92 g) im alcohol (170 cc); the mixtere wae then otived into 





ga - 
OH) 20 colourless seedies, m. p. 142° (5-6 g.) (Found : C, 72-9; 
aqueous acid from the above extracted with 


—— oa 
ese Lt C, 72-8; H, 50%; 
wires C, 72-0; H, 5-4 Acidification of the above aq 
with ether gave a 


solution was obt 


Ota! HS. (Gi —— , 12-9; — When (4) 
afforded (8), m. * 172", gt Sy 


— (2 rode (to beak potassium carbonate (20 
compen (6), melee 2 0 20). — ; 




















i 


| ad ust chamae the tp. 
ee nee for exactly 


20 


i from 
. Mm. Pp. * decomp.) (Found . C, 68-8; H, 5-6; 
OLN, , H, &S; 5-9%) 38. (Il; R = OH) (0-5 g.) was 
oa a steam. ct Irom alc. for 5 minutes, and rubbing with acetic acid 
alcohol. Rec from acetic acid yielded a 
asome as Sr — (decomp.) (Found: C, 746; H, 62; N, #1. 
cage 760, 


Oardaton —— — — mixture of the diacetyl compound 

(3 g.). dioxan 28 cc) and sueniuim dignide (14 .) was refluxed for 3 hours; a further quantity of 
selenium dioxide (1-4 ¢.) was then added ing continued for 6 hours more The solution was 
decanted from the selenium into water, Ly. the precrpitate formed was dissolved in ether and dried 
(MgSO,), the solvent removed, and the residue suspended in hydrogen peroxide (50 c.c.; 30%) and 
pn fen heen) in water, 40 c.c.) with constant mixing. After 2 hours the 
eee. washed with ether, acidified, and extracted many times 

material isolated. From the solid 

¢, colourless plates, m. p. 119-—-120*, 





phenolic 

, C, 602; H, 60%). 
~Chromanone (20 g.) in pure dioxan (60 c.c.) and methyl- 

: oe aes ee oan SOS Oy dropped in with 
Stirring was continued at room temperature for 8 hours. After 


ing 
and then fram acetic acid, 3. 3-ds- (2 cyanoethyl chroman-4-one 

m. p. 87° (Found: C, 71-3; H, 84. C,.H, ON, requires C, 70-9; H, 5-5 

3 3-Di-(2-carboryethyl)chroman-4-one.-The above cyanide was hydrolysed by boiling it with 
concentrated hydrochionc acid. The product was purified by dissolving it in sodium carbonate, washi 
with ether, reprecipitating with acu, and a aqueous acetic acid (50%), from 
3: 3-4i-(2 -carboryethyl)chroman- 4-one separated as colour prisms, m. p. 169°, sintering at 155° 8 — ) 
Found  C, 61-2; H. 56%; equiv. 14¢8. C Hi cO(COH), uires C, 61-6; H, 55%; equiv., 
“rade 3: 3-di- (2-chlorotormylethy!)chroman by boiling this ac with phn ng of 
thiony! chloride for 2 hours. After removal of thioay!: chloride, the acid chloride remained as a syrup 
It could be hydrotysed to the acid with water 


3: 3-Ds-(2-bemsoylethylchroman-4-one.—(a) The above acid chioride (1-4 g.) was dissolved in pure 
benzene (20 c.c.) and treated with aluminium chloride (1-0 g.). After 14 bours the mixture was refluxed 
for 20 minutes, acidified with hydrochloric acid, and the benzene removed in steam. The product was 
separated and crystallised in comtact with ether. Recrystallsation from acetic acid afforded a small 
quantity of 3. 3-ds-(2 ey one as colourless needles, m. p. 185—187", identical (mixed 
m p) with the substance described below. 


(6) Chromanone (4-5 g.), ere eye me (10-4 ¢.), and potassium acetate (10 g.) were mixed in 
methy! alcohol (60 c.c.), and during 14 hours a solution of sodium (1-4 g.) in methy! alcohol (48 c.c.) was 
added as the solution boiled under reflux. Dilute acid was then added, methy! alcohol and chromanone 
were steam-distilied. and the residual solid crystallised from glacial acetic acid as colourless needles, 
m. p. 186-187" (Found: C, 783; H,60. C,,H,,O, requires C, 78-6; H, 58%) (yield 0-3 g.). 


(¢) Freshly red pheny! viny! ketone (7 g.) and chromanone (3-9 g.) were added to a solution of 
sodium (0-6 ¢.) in (25 ¢.c.), and after the mixture had bosled for one r the solution was decanted 
from the reuna farmed, into dilute acid which was then extracted with ether. The ether was washed with 
sodium hydroxide, dried (Na,SO,), and distilled. A smal! quantity of 3 : 3-di-(2-benzoylethy!)chroman- 
one, m. p. 185-187" (from alcohol), was obtained. 

3: 3. Di-(2-dicarbophenoryethyl\chroman-4-one.—Crude 3 3-di-(2-chloroformylethy!)chroman-4-one 
(17 g.) and phenol (10-2 g.) were heated together on a steam-bath for 2 hours. The ct was dissolved 
in ether, and the solution washed with sodium hydroxide: much of the product crystallised from the 
ether and was filtered off. The ether was dried (MgSO, and evaporated. The total solid was recrystal- 
lised from alcohol, and 3 > a carbophenonyethyl)chvoman-4-one —— — — 
102° (Found : C, 72-7; H, CypHyO, requires C, 72-9; H, 5-4%) (10-6 When this ester (6-5 ¢.) 
and aluminium chioride iS 0.) were Manan ‘in on cib-bath at — potent 
was treated with dilute hydrochiorsc: acid, a m was obtained. This was dissolved in glacial 
acetic acid, filtered, and precipitated with water, the sold so obtained was dissolved in ether and 
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Scotic actl tolled to, To: — — ‘ound : 
720; H, 5-3. Cale. for C,,H,,O, : C, 72-9; 


H, ee 
oH. — Hydrochloride.— A mixture of b 
Te) —— 2-25 ad alcobel (1 15 .c., 
{ ) — (6 — — s,m ec. 


—— and 
ligation — hydrchirea a clout ies prin 





m. p. 176° (Found : — c —e— wires N, 61 This salt decomposed to give a yellow 
gece whan belied with weter, or Uiih Gisemanene ond wotet 


2-Chlorosthyl Ketone 
—— © 6) together on a steam-bath wat 
100 ce.) wae added The mixture was decanted from the phosphorous acid, 
yl ether (14 .), SP ——— 


— 51%). 


Viny/ —— above c 
pene rf sg gg me — 


Saeed: sand Po a as yellow 
H, — O, requires C, 5 

it Into 2-hydroxy-4- methoxypheny 
either in alcohol or without a solvent, it reacted to form 
dissolved freely in aqueous — — hydroxide (10%) to give a y 
——5* few minutes as an oil separated and crystallised. 
78°, identical (mixed m. p.) with the substance described by Perkin, Ray, 
chromanone condensed with veratraidehyde, — Se ee Oe ea ae 
7-methoxyveratrylidene-chromanone, m. p. 141°, identical (mixed m. p.) wi 
by the above authors (loc. cit.). 


3’: 2°-3: — becca 
ron a steam-bath, ot 0 Se neers alcohol and set aside the product 
rystallised. Rec tion from alcohol chromanone phenylmethylhydvazone as 
prisms, m. p. 70° (1-0 g.) (Found: C, 76-5; H, 6-5. —— —— 76-2; H, 63%). This was 
suspended in dilute sulphuric acid (30 c.c. of 20 ved slowly, and the indole 
separate. After being warmed on a steam-bath J .tre uaa pees Cnebemeterte 
during which the Lowey in ae Recrystallisation from aqueous alcohol afforded 1'-met 
(2: 3-3: 4)chrom in two different forms, colourless needles, m. p. 115°, and colourless plates, m. p. 
117° (mixed m. p. 116°) (Found: C, 81-6; H, 57. C,gH,,ON requires C, 81-7; H, 5-5%) (yield 0-9 g.). 


Tas Dysow Perrins Lasoratory, Oxrorp. (Received, May 24th, 1950.) 








466. Synthetical Experiments in the Chelidonine—Sanguinarine 
Group of the Alkaloids. Part III. 


By A. S. Battery, Sta Rosert Rosinson, and R. S. Stavuwron. 


7: 8: 2’: 3-Tetramethoxy-3 : 1:2 thridone of which the synthesis 
Denepbenanthridine. The sethowalphate ryt isan reduction to a 
J oa uc in ay 
Kufner (Bor, “1931, 64, 3034) from either sanguinarine or or chelerythrine. The synthesis of the 
reference c compound confirms the correctness of the structures of these two alkaloids deduced 
from degradative evidence. 
Eine Sue ot Phas 2 OS oe Sees canes Seen Ws £Ge ok Be eee 
methylb salt which is an analogue of sanguinarine has been prepared. 
7:8: 2: 8’-Terramernoxy-3 : 4-pinypro-l : 2-BENZPHENANTHRIDONE * (I) is changed by 
phosphoryl chloride into 9-chloro-7 : 8; 2 : 3’-tetramethoxy-3 : 4-dihydro-1 : 
anthridine (II; X = Cl) which easily affords a 9-anilino-derivative (Il; X — NHPh). The 
eee reoes & seine Ny Dasa Se ee oe an ane te 
to 7:8: 2’: 3’-tetramethoxy-3 : 4-dihydrobenzphenanthridine (11; X= H), which is 
dehydrogenated by means of palladised charcoal in boiling p-cymene solution with formation 


ae te eee ee in J., 1950, 1377, where it is allotted number 
) 
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of 7: 6: 2°: 3’tetramethoxybenzphenanthridine (III). It is also possible to transform | 
X = Cl) into (ITI) in one operation under similar conditions. 


The methosulphate of (III) could be reduced by means of zinc and aqueous hydrochloric 
acid to 7:8: 2’: 3’-tetramethoxy-10-methyl-9 : 10-dihydro-l : 2-benzphenanthridine (IV), 
which was identical with a specimen prepared by S. N. Sarkar from dihydrosanguinarine 
(replacement of two methylenedioxy- by four methoxy-groups) using the method of Spéth and 
Kafiner (Ber., 1931, 64, 3034). We are grateful to Dr. Sarkar for the provision of this valuable 
specimen. The identity was established by mixed melting points. Further, we are deeply 
indebted to Mrs, D. M. Hodgkin and Miss P. M. Cowan (Department of Crystallography, Oxford 
ere ia for their examination of the crystals of the two specimens: they were reported to 








molar) 
e 
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7:8: 2°: 9'-Tetramethory-3 : 4-dihydro-| : 2-benzphenanthridone (in CHCI,). 

7:8: 2°: 8 Tetramethory-| : 2-bensphenanthridine (in CHCI,) 

7.8: 2": 8-Tetramethory-10-methyi-9 | 10-dihydro-| : 2-benephenanthridime (in 
EtOH) 

9-CAloro-7 | 8: 2° : 3’-tetramethory-3 : 4-dihydro-1 : 2-benzphenanthridine im 
EtOH) 

2: ¥-Tetramethosy-3 : 4-dihydro-| : 2-bensphenanthridine (in EtOH 

2° : 3'- Tetvamethozy-1| : 2-bensphenanthridine (in CHCI,) 

-Dimethory-2-(3 4-dimethoaypheny!) naphthalene (in EtOH) 

Dimethory-2-(3 | 4-dimethorypheny!)-3 4-dihydronaphthalene (om EtOH 


, 1948, 162, 265) found that sanguinarine chloride was toxic to rats it 
was of interest to examine the methochloride of (III) which is of sanguinarine type. This was 
kindly undertaken by Dr. L. A. Stocken (Biochemistry Department, Oxford University) who 
reports that the substance is not toxic to rats at the concentrations used in the case of 
sanguinarine. 

The synthesis of (V) was described in Part I (Richardson, Robinson, and Seijo, / , 1937, 835) 
and this tetralone was converted into 6:7: 2’ ; 3’-tetramethoxy-3 : 4: 11 : 12-tetrahydro- 
|: 2-bengphenanthridine (tetrahydro<lerivative of VII). The latter has now been 
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dehydrogenated to (VII); the metho-salts of this base are so sparingly soluble that their 
properties could not be observed. 
an cepa Can — >CO —> >CH'NH-CHO), a by- 
: : 4-dihydronaphthalene 


formation of the related tetralin or naphthalene derivative, respectively. 


or 

The ultra-violet absorption of some of the new compounds is shown in Figs. land 2. Weare 
indebted to Dr. F. B. Strauss for these determinations. Comparison with the previously 
observed absorption of dibydrosanguinarine shows that the substitution of two methoxy-groups 
for a methylenedioxy-group has a considerable effect in this series. The ultra-violet absorption 
spectrum of (VI) is similar to that of trans-stilbene, and its dehydrogenation product ( -——- in 
Fig. — eee Se ae Se ee ee eee ee oe 


Hershberg, 
J. Amer. Chem. Soc., 1938, 60, 944; Bills and Noller, ibid., 1948, 70, 957; cf. Braude, Ann 
Reports, 1945, 42, 105). 


Oui _ 


EXPERIMENTAL. 


- : 8: 2°: S’etramethosy-3 : ede 2-benphenanthridine (11, \ = Cl).--A mixture of 
T:G:3': * Seether 3: 4-dihydro-1 : 2 ) 
was refluxed (oil-bath at 140°) for 1 hour. 


cooled, giving 5-6 g crude crystals. The 9-« 

coloured Plates, He watch become Guay ben hept (Found C, 65-2, 65-3; n 
49, 5-2; ‘CL O,NCI ires C, 65-3; Gres It was insoluble in dilute 
schooral acide but diesstved ta beth · which an unstable hydro 
chieside capaneted. 'Thas test bop, hale ae 0 Geta Gm en 
unsatisfactory. 


9-Anilino-7 : 8; 2’: 3’- -3 : 4-dihydro-1 : ane ey x PT solution of 9-<chloro- 


7: 8: 2°: 3’-tetramethoxy-3 : ydro-1 : — yey 1g) aniline (3 cc.) was heated 
on a steam-bath. poppe pen Ae to separate from after 10 minutes 


the mixture was solid Methanol (2 c.c.) was added, Se —— — * 141—143°) collected, and 
crystallised from ethanol. The 9-anilino ethanol as clusters of rods, m. p 
143—144° (Found: C, 73-1; H, 5-8; N, 6-2. CralysO,Syreqaten 73-3; H, 5-0; N,63%). Solutions 
of the substance in organic solvents were colourless and exhibited an intense blue fluorescence, the 
yellow solutions in dilute mineral acids were non-fluorescent. 





(il; X=—H).—A mixture of 

by um hydroxide 

g.) was shaken under 

water added. The 

solid which separated (m. p. — —a yield) was ryt washed with water, and 

lised from ethanol. 28:93 3: a yom ey oad formed 

‘ourless rods, m.  162—163° Worn’: C, 71-5; H, 60; N, CHa, requires C, 71-9; H, 
60; N, 40%). utions of the base in dilute mineral asthe weno yelct 


7:8: 2’: 3’-Tetramethory-1 : 2 henanthridine (I11).—(a) A solution of 9-chloro-7 : 8: 2°: 3 
tetramethoxy-3 : 4-dihydro-1] : 2-benzphenanthridine (5 C Grande in p-cymene (45 c.c.) was refluxed for 6 hours 
with palladised charcoal (0-6 g. of 30%) in a stream of en; evolution of hydrogen chloride had 
then almost ceased. The c'ltered solation slowly deposited a sid "which when collected and washed 
with light petroleum (b. p. 40-60"), had m. p. 210—214° (3-8g.). This product was completely soluble 
in 2n-hydrochloric acid to a pale yellow solution and hence contained no trace of unchanged starting 

material. Crystallisation 5 — 1) gave a cream-coloured solid. A solution of the 
latter in chloroform—benzene (1 : 2 by vol.) was gh an — column and the blue-violet 
fluorescent band (ultra-violet ahd was eluted with the same mixture —— of the eluate and 
crystallisation of pee nae from m pyrid yridine-ethanol gave 7 ; 8: 2’ : 3’- — 2-benrphenanthridine 
as colourless, lanceolate —* 20 ——— C, 71-8, H, 54,53; N, 3-0. 
ou H,,0,N requires C, 7 3. ii N, 40%). Solutions of the compound — a weak blue-violet 

fluorescence in daylight; they he intensely uorescent in ultra-violet RD 

(6) A solution of 7:8: 2’: 3’-tetramethoxy-3 : 4-dihydro-1 : 2- thridine (0-4 g.) in 
peqeuns Das) weber, Sf Se erent —— The 
— product, m. p. 206—210°, crystallised from pyridine-ethanol (4 te plates (0-2 5 * 

aby and mixed m. p. with a specimen prepared as under (a) a7 219" A ) (Found: C, 72-3; 
H, 5-6%). 
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bg ety he mag me bape 3 ethanol—water (4: ) codes 
m. p. 267" pe Seay qa SS water (Found: C, 50-5; Hoe aa 155 
requires C, 50-7; H, 5-7 

After « solution of 7. 8: 2 : 3’-tetramethoxy-1 : 2-benzph thrid. a a) bed 

xylene (80 c.c.) for a minute, methy! sulphate (5 c.c.) was added and the mixture 

—5 ee The orange- 

trom the solution was collected next day and washed with light 

product (2-1 g.), m. p. 255— 258" (decomp.), was easily soluble in water. 

25 — 1) we era te yg re ee te wrt. 

p. 256—-257° > decomp.) (Found : C, 66-5, 563; H, 5&5, 56; N, 23; S, 63. C,,H,,O,NS,H,O 
requires C, 86-4; H, 65; N, 2-6; S, 66%). 


Treatment of a solution of the salt in 50% aqueous ethanol with a chloride solution gave 
ra needles of the corresponding cAloride, m. p. 207-210" (decomp.) (Found. C, 603; H, 62 
. 16. CygllgO,NCL2H,O requires C, 60-6; H, 60; Cl, &2%). 


Addition of potassium cyanide to an aqueous solution of 7: 8: 2: 3’-tetramethoxy-! : 2-benz- 

dine methosulphate containing a few of dilute b acid gave a white precipitate 

of Gcyano-7 . 8; 2°. 3'-tetramethony-10-methyi-9 ; 1 dro-l: henanthridine, which crystallised 

trom ethyi acetate in colourless rhombs, m. p. 178-— 180° (decomp.) ound: C, 706; H, 56; N, 6-6. 
Coll sO , requires C, 70-8; H, 66; N, 72%) 

7.8: 2: 3-Tetramethosy-1 1-9 ; 10-dihydro-l : 2-benzphenanthridine (IV).—A mixture of 
7:8: 2’: 3'-tetramethony-! : 2-benz thridine methosulphate (1 g.), water (150 ¢.c.), concentrated 
h hioric acid (10 c.c.), and granulated zinc (20 g.) was refluxed, concentrated hydrochloric acid 
(10 ¢.¢.) being added at hourly intervals. After 3 hours the solution had a very pale yellow colour, and 
a cream-coloured solid began to separate. The liquid was decanted and kept in the ref tor over- 
night, and the solid was then collected, washed with water, and shaken with chloroform and 5s-ammonia. 
The chloroform extract was washed with water and dried (MgSO,), the solvent removed, and the semi- 
solid residue digested with methanol (10 c.c.). Crystallisation of the resul + from chloroform-— 
methanol gave a grey solid, m. 180183" (0-31 g.). Sublimation at 170°/1 —* a product, 
m. p. 182-184". A benzene solution of the latter was chromatographed on dunia. lorming a blue- 
fluorescent band (ultra-violet lamp). This was eluted with benzene, the eluate evaporated, and the 
residue crystallised from chanel. 7:8: 2°: 3’-Tetramethory-10- 1-9: 10-dih 1; 2-benzphen- 
anthridine formed colourless Calc for Cyl Maa yf (slight decomp.) (Found: C, 72-6, 72-7, 72-4; 
H, 65,61,64; N, 30, IN: C, 72-3; H, 63; N, 3-8%). The m. p. was not depressed 
— aspeeien sf henatemeneaale by Dr. S.N. Sarkar ; the ultra-violet absorption spectra of both 
specimens were identical. 

Mrs. D. M. Hodgkin and Miss P. M. Cowan report that both specimens crystallise in the form of 
strongly birefringent plates, elongated along 6. The crystals are biaxial positive with slow extinction 
— to the longest 6b. Powder and “ single "’ crystal photographs show that the two specimens 
are identical, the unit is monoclinic, and the space group Pay... Cell dimensions are: @ « 21:36; 
hb = 13:30; ¢ = 13-73 4.; B = los” 


The substance is insoluble in dilute minerals acid. 5S acids become yellow on 
the addition of a drop of ferric chloride solution, owing to Sridation to the quaternary salt. 


6-(3 et er aa ae oa following method is more 
convenient than that of R Robinson, and Seijo (loc. cit.). Potassium cyanide (22 g.) in water 
40 cc.) was added during 3 minutes to a stirred solution of vera lideneacetoveratrone (50 g.) in 
2-metho hanol (160 cc.) containing glacial acetic st (9 cc. tne ; . Heating was continued for a 
further 10 minutes (after § minutes a white solid began ‘a (75 c.c.) was then added 
and the mixture allowed to cool. The solid = by —8* was o collected, washed weil with water, 
and dried (46 g.); it had m. p. 141—143". A specimen, crystallised from acetone, had m. p. and mixed 
m.p. 143-14" 


This nitrile was converted into 1-keto-6 : 7-dimethoxy-2-(3 : 4- Oe oe ee a 2:3: 4-tetra- 
hydronaphthalene (V) as described in Aap I (Joc. cit.). The? ote we ydrazone formed crimson 
prisms (from dioxan), m. p. 228-229" (decomp.) (Found: C, 50-5; H, 60: N, 10-6, CyeH,.O,N, 
requires C, 50-6; H, 52, N, 10-7%). 


1. For do-6 . 7-dimethoxy-2-(3 : 4-dimethoryphenyl)-1 2: 3: 4-tetrahydronaphthalene (cf. ‘ Organic 
Reactions,” Vol. V, p. 301).—A solution of the above tetralone (8 g.) in formamide (20 c.c.) contain 
formic acid (1 c.c.) and ammonium sulphate (1 ¢_) was refluxed for 3 hours (oil-bath; 180°), formic ac 
(1 ¢.c.) being added every hour. The cold mixture was diluted with water and then extracted with 
chloroform. The chloroform extract was washed with water and dried (N ),), the solvent removed, 
and the residual oil triturated with methanol (8 c.c.). Next day the solid which had separated was 
collected and dried. This solid was digested with acetone (10 c.c.), and the ——— ar 
crystallised from \ Pw. ethanol (9: 1) (62 ¢. of m p 200-202") ‘(Found : c, ‘7: H, 67; _39 
Cale. for Cy,HyyO,N , 67-8; H, 67; N,3-9%). Richardson, Robinon, and Seijo (loc sit) give. m p. 
202 203°. 


The acetone extract was evaporated and the residue (m. p. 126—128") crystallised from ethanol 
afforded hex wi (ea. 1 g.) of 6: T-demethoay-2-(3 . 4-dimethoxrypheny!)-3 . 4-dihydronaphihalene 
VI), m. p 2 Found 73-5; H, 60; M —— in camphor), 321. C,,H,,O, requires 
, 736; H, 68%; M, 326) The substance decolorised alkaline permanganate solution. 


Increasing the time of heating in the Leuchart reaction to 7 hours gave a 40% yield of the dihydro- 
naphthalene 
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“1:2: — (18g) mx solution of 6: 7-di- 
~y &) in dioxan (10 cc.) was 


as colourless rhombs, m. p. 117118" wand : Cc, 730; H, 
2; — 28 


— O48 —A — 
u C743. H, 63. — eet — 7 


ties of the thalene derivative and trinitrobenzene in hot ethanol gave an 
cei, A tm agi ne ey ay = eth yinaphtha) 


yphenyinap 





SY vey 3 tetrahydronaphrthalene ————— sit 2"; ¥-tetramethox oe 
xyphenyl)- con into 
— — Hobie ond Sa 
ow 





— ——— oy ty from ers 
mvs Re By m. p. 

Cale: for CyHyO,N | N, 40%). 

(e) An attenaa 00 Os to deh 


te tetramethoxytetrah 
prea oe 


.) was heated at 240° (metal-bath) with palladised charcoal 
almost y. After 40 minutes the temperature 
solid melted; after 10 minutes at this temperature 
the solid was sublimed at 200/01 mand the eu te crystallised from pyridine, giving a product 
(130 mg.), m. p. 208-30 


(c) The tetrah —i Ge wie eieadile vie 
(0-2 g. atk a yt. e cold solid was powdered and extracted with chloroform (3 x 
jms (2) ee coarion. diamond aaped giving @: 7:27:83 
ean tae ) as colourless, diamond plates, m pend mixed m. | 


prepared (b) ie a me ound: C, 72-4, 723; H, 
—— — C. 723: N, 40 


= ine and nitrobenzene. The — 
sparingly soluble in water, the squad ren 


Methosulphate. A solution of 6:7 : 2’ : 3’-tetramethoxy-1 : 2 idine (0-5 g.) in xylene 
— and nitrobenzene (10) was bolle fr a short time and methyl sulphate I.) then added to 
the boiling solution — —— tormed after 5 minu solution was cooled 
and ether (10 c.c.) added. The was lected and” washed with ether (quantitative Yis) 
Sees See Se a: 1) gave 6: 7: 2 : 3’-teir 22 henanthridine metho- 
hate as fine, pale cow peatia, mp 908-308" (decomp) (Found, C, 66-1; 
CysH,,0,NS,H,O Ives C. 56-0; H, 55; N 2) methochlorsde formed lemon-ye 
* water), m. p. 295° (decomp.) (Found 63-0; H, 58. Cal yj0,NC1,H,O requires C. 63-2; 
%)- 





—— of potassium cyanide to an aqueous solution of the methosulphate gave an 
poe oo —_ This wes extracted with chloroform the solution with 
pe —— (MgSO,), and solvent removed. The resulting p solidified on the addition of 
methanol, and lisation of the crude uct, m. p. 225°, from 2-methoxyethanol gave colourless 
risms, m 227—229° (decomp.) (Fou C, 70-5; H, 66; N, 71. CyH,,O,N, requires C, 70-8; 
, 5-6; N, 7-2%). 


The authors are SS for the award of a Pressed Steel Company Fellowship of Oxford University 
to one of them (A. 


Dysow Peramns Laporatory, Oxrorp Univarsity. (Received, May 12th, 1960.) 
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467. Germanous Oxide and Sulphide. 
By Davip A. Everest and Henxy Terery. 
in esther o whine ato cltennd Gam, —— 








—— 


Grruanovus hydroxide was first investigated by Winkler (J. pr. Chem., 1886, 34, 177) and its 
preparation has been more recently described by Bardet and Tchakarian (Compt. rend., 1928, 
186, 637) and by Dennis and Hulse (J. Amer. Chem. Soc., 1930, 62, 3553). The latter authors 
observed the ease with which germanous hydroxide was oxidised by air; they also showed that 
when the hydroxide was heated in a vacuum, water was continuously removed, no evidence of 
the formation of definite hydrates being obtained. Microscopic examination showed that the 
darkening in colour observed on dehydration was due to an increase in particle size. 

Winkler's method of preparation consisted in the action of water on germanochloroform, a 
reaction also studied by Dennis and his co-workers (J. Physical Chem., 1926, 30, 1049). These 
authors observed that if germano-chloroform was first treated with a little water a white solid 
was formed, which, on standing in presence of excess water, changed to the characteristic red 
germanous hydroxide 

The method of preparation used in this research is that described by Dennis and Hulse 
(loc. ett.) : a solution of germanium dioxide (0°25-—0-5m.) in 6x-hydrochloric acid was reduced 
with excess of 30% hypophosphorous acid, and germanous hydroxide was then precipitated 
with an excess of dilute ammonia. Germanous hydroxide is very readily oxidised by air, and 
the precipitation and washing of the precipitate were carried out in an atmosphere of nitrogen. 
Thus prepared, germanous hydroxide is a yellow to red gelatinous substance, soluble in dilute 
hydrochloric acid. If the precipitation is carried out from a boiling solution, the product is 
dark brown and somewhat granular and dissolves much more slowly than does the yellow form 
in dilute hydrochloric acid. 

If a concentrated solution (1:'5-——2°0m.) of germanium dioxide was reduced with excess of 
hypophosphorous acid, and the solution simply diluted with water, a thick white precipitate of 
germanous hydroxide was formed. In contact with the solution this white form of germanous 
hydroxide slowly darkened until the normal red modification was obtained. This change in 
colour was found to take place immediately on addition of alkali. The ease of solubility of the 
white modification in dilute hydrochloric acid was much greater than that of the coloured forms, 
the rate of solution falling off on going from the white to the brown modification. This white 
form of germanous hydroxide appears to be the white compound observed by Dennis and his 
co-workers (Joc. cif.) on treating germano-chloroform with a little water. 

It was not possible to analyse any of the samples of germanous hydroxide, attempts to dry 
them simply resulting in a continuous loss of water till germanous oxide was formed 

Germanous hydroxide in the above reactions resembles stannous hydroxide (Bury and 
Partington, J. 1922, 121, 1008; Straumanis and Strenk, Z. anorg. Chem., 1933, 213, 301) 
Stannous hydroxide when precipitated is white, but when it is warmed with a little sodium 
hydroxide or sodium carbonate solution, its colour darkens through yellow to reddish-brown and 
finally to the bluish-black of stannous omde 

The Acidic Properties of Germanous Hydroxide.—From the position of germanium in the 
Periodic Table it would be expected that germanous hydroxide should show acidic properties, 
especially as the acidic nature of stannous hydroxide seems to have been definitely established 
(Schokder, Angew. Chem., 1936, 49, 255). The chief evidence for the alleged acidic nature of 
germanous hydroxide rests on experiments by Hantzsch (Z. anorg. Chem., 1902, 30, 316). He 
observed that there was a reduction in the conductivity of sodium hydroxide solutions on 
addition of germanous hydroxide. On the basis of his measurements he postulated that 
germanous hydroxide acted as a monobasic acid, germanoformic — * H-GeO-OH. Hantzsch 
prepared his germanous hydroxide by Winkler’s method (Joc. cit), by passing hydrogen 
chloride over heated elementary germanium. However, as was — by Dennis and his 
co-workers (Joc. of.) and by Delwaulle and Francois (Compt. rend., 1949, 228, 1007), 
germanochloroform thus prepared contains up to 30°, of germanium tetrachloride. Hydro- 
lysis of such a mixture would give a product containing germanium dioxide, which has 
acidic properties (see Gulezian and Muller, Ame⸗ Chem. Soc, 1932, 64, 3142, 3151). Hantzsch 
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also did not take into account any dimmution in the conductivity of the sodium hydroxide 
py Naga et gam Ae ey ey AY ee eae gp mR 
place with the resultant removal of ions from solution by adsorption at the surface of 
the colloidal germanous hydroxide particles. 

Other references to the acidic nature of germanous hydroxide have been made by Tchakarian 
(Compt. rend., 1934, 199, 886), Royan and Schwarz (Z. anorg. Chem., 1933, 211, 412), and Brine 
(M.Sc. Thesis, London Univ., 1937). Tchakarian observed that if either germanous oxide or 
hydroxide was heated with 50% sodium hydroxide solution, hydrogen and sodium germanate 
were formed. He assumed that in dilute alkali sodium germanoformate was formed, but that 
this decomposed when the concentration of alkali was increased. He put forward no evidence, 
however, for the actual formation of sodium germanoformate. Royen and Schwarz observed 
that if the hydride (GeH,), was treated with alkali a red opaque solution was obtained, which 
was said to contain sodium germanite Na,GeO,, but they did not report any actual investigation 
of this solution. Brine attempted to detect the formation of germanite polarographically by 
using saturated solutions of germanous hydroxide in 0 ln-alkali. He did not take any 
precautions to ensure the absence of any quadrivalent germanium, but the only waves he 
obtained were due to this, for he had already studied its polarographic behaviour in acid and 
alkaline media. Dennis and Hulse (Joc. cit.) observed that germanous hydroxide when freshly 
precipitated gave with alkali reddish opaque solutions which they thought to be colloidal. 

There are clearly considerable discrepancies in the literature as to the nature of solutions of 
germanous hydroxide in alkali. It was hoped that information could be obtained by means of 
potentiometric titrations of aqueous solutions of germanous hydroxide with alkali, but its low 
solubility in water precluded this: we found 0°044%, whereas Robinson (Amn. Reports, 1944, 
41, 111) quotes 018%. Even our lower figure should be accepted with reserve, as it is quite 
possible that a large part of the germanous hydroxide was present in the colloidal form 

Similarly, attempts to obtain evidence from the solubility of germanous oxide in alkali 
solutions of different concentrations were not successful. No relation between the results could 
be observed, and it was uncertain if the measured solubilites were not all due to quadrivalent 
germanium, germanous oxide being slowly oxidised by cold alkaline solutions (Tchakarian, 
loc. cit.). The solubilities observed were considerably smaller than those found for stannous oxide 
in alkali by Garrett and Heiks (J. Amer. Chem. Soc., 1941, 68, 562). 

The method eventually used was a variation of Hantzsch’s conductometric method. 
Preliminary experiments on sodium hydroxide-germanous hydroxide systems showed that 
oxidation caused large conductivity changes owing to the formation of the acidic germanium 
dioxide. It was therefore very important to ensure complete absence of any quadrivalent 
germanium during the course of the experiments (see p. 2284). It was found that there was no 
reaction between germanous hydroxide and sodium hydroxide, and no acidic properties of 
germanous hydroxide could be detected. There is also practically no tendency for the 
formation of colloidal solutions if all the quadrivalent germanium is absent. It was found, 
however, that if these solutions were exposed to the air, and some quadrivalent germanium was 
formed by oxidation, colloidal solutions were readily formed; this phenomenon is also shown 
by germanous sulphide. 

This lack of acidic properties of germanous hydroxide is at first sight somewhat surprising. 
However, by comparison with the potentials of the bivalent-quadrivalent couples for lead and 
tin, it was seen that the germanite ion would have an extremely high reduction potential in 
alkaline media : 


20H~ + PbO — > PbO, + H,O + 2e~ E = —0-280 volt 
30H- + H,O + HSa20.- —> Sna(OH), + 26 E == 006 volt 


Latimer (‘ Oxidation Potentials,” p. 136) has given a rough estimate of the corresponding 
germanium couple : 


20H~ + H-GeO,- — > H-GeO, +H,O + 2e- E ~ 1-4 volts 


It seems probable indeed that the fact that bivalent germanium can exist at all in alkaline 
media is due to the insolubility of germanous hydroxide. If the germanite ion did exist in 
alkaline media it would spontaneously decompose into germanate, with deposition of germanium 
and/or liberation of hydrogen. This conclusion is supported by Tchakarian’s observations on 
the oxidation of bivalent germanium in alkaline media (loc. cit.). It is a well-known fact also 
that alkaline solutions of stannous hydroxide tend to decompose on standing, giving stannate 
and metallic tin. 
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Acidse Nature of Germanous Sulphide —Germanovs sulphide has been prepared by a number 
of workers, and observations on its solubility in alkalis have been made. The crystalline form was 
prepared by Dennis and Joseph (J. Physical Chem., 1927, 31, 1716) by reduction of germanium 
disulphide with hydrogen, and also U., 1930, 2371) by the action of hydrogen and 

sulphide on germanium dioxide at 700°; prepared in this manner, it is a dark red to 
solid. 


somewhat soluble in caustic alkali, They also prepared amorphous germanous 

did Dennis and Hulse (/oc. cit.) ; this form was found to be readily soluble in dilute caustic alkalis 
None of these authors claimed that these alkaline solutions contain thiogermanites and it seems 
to be implied, although it is not stated, that these solutions are actually colloidal. In view of 
the fact that germanites do not appear to exist, the nature of these solutions was reinvestigated, 
especially as none of the above authors recorded any precautions to exclude air when observing 
the solubility of germanous sulphide in alkali. 

Amorphous germanous sulphide was used throughout this work. This substance is difficult 
to obtain in a state of purity, a small percentage of quadrivalent germanium usually being 
present. It was found that when germanous sulphide contained a trace of quadrivalent 
germanium, it was readily soluble in caustic alkali, an opaque red solution being obtained. If 
these solutions were centrifuged a considerable amount of germanous sulphide could be 
separated. Addition of dilute hydrochloric acid precipitated germanous sulphide completely, 
and precipitation was also brought about if ammonium chloride, ammonium carbonate, or 
potassium chioride was added to the solution. These facts all point strongly to the solutions 
being colloidal. These colloidal germanous sulphide solutions are readily oxidised, germanium 

It was also found that if great care was taken to remove 
all quadrivalent germanium, and if precautions were taken against oxidation, then amorphous 
germanous sulphide was insoluble in caustic alkalis. It therefore seems probable that colloidal 
solutions in caustic alkalis were only formed in presence of germanium disulphide and dioxide. 
Both these compounds are soluble in alkalis, giving germanate and thiogermanate ions, these 
ions providing the charges needed to stabilize the colloidal germanous sulphide particles. It 
can therefore be stated that germanous sulphide resembles the oxide in showing no observable 
acidic properties 

EXPERIMENTAL 

A solution of germaniam dioxide (0-25-—0-5m.) was reduced by § hour's refluxing with excess of 30% 
hypophosphorous acid. The germanous hydroxide was then precipitated by addition of excess of 
ammonia solution, filtered off in a nitrogen atmosphere, and well ed with air-free distilled water. 

The solubility of germanous hydroxide was measured by addition of excess to about 100 ml. of 
air-free distilled water in a 250-ml. conical flask. A vigorous stream my gyn nitrogen was then 
bubbled through the solution for about 15 minutes, after which the was carefully sealed, and 
placed in a thermostat at 25° for 2430 hours, the flask being shaken at regular intervals. The excess 
of germanous hydroxide was then allowed to settle out, and 25-m!. samples of the supernatant liquid 
were carefully pipetted out and oxidised by addition of two or three drops of hydrogen xide (30 -vol.), 
and the germanium dioxide so formed was titrated as a monobasic acid after addition of glycerol 
(Tehakarian, Compt. rend., 1928, 187, 229). The results obt d, d as g. of germanous oxide 
(GeO) per 100 mi. of water, were as follows: 0054, 0-033, 0-048, 0-033, 0052, 0-058, 0-027, 

051; mean, 0-044 

Adie Properties of Germanows Hydroxide.-The conductivity experiments were carried out in a 
three-necked of about 5600-ml. capacity, the two outside necks held the electrodes which were 
2-cm. squares of bright platinum. Air- distilled water (100 mi.) was then added, and a rapid stream 
of oxygen-free nitrogen was passed continously through the solution, ensuring that an inert atmosphere 
was present and also that the contents of the flask were well stirred 

To get pure germanous hydroxide, free from any quadrivalent germanium, some of the freshly 
precipitated compound was dissolved in about 5—7 mi. of concentrated hydrochloric acid. This solution 
was then evaporated to about half its original volume, any quadrivalent germanium distilling out as 
germanium tetrachloride (b. p. 83°). This purified solution was then poured into the water contained 
in the three-necked flask, whereupon hydrolysis took place and pure germanous hydroxide was 
— Alkali (0-IN.) was then run into the solution, and the change in conductivity noted 

minimum of the conductivity carves was taken as the point where al! the hydrochloric acid had been 
neutralised; any reaction between the germanous hydroxide and the alkali would then start at that 

mat. No solution of the germanous hydroxide was observed to take place even when ten times the 
Sreoretical amount of alkali had been added. There was also no trace of a break in the conductivity 
curve obtained (see figure). When a very vigorous stream of nitrogen was into the solution, a red 
opaque suspension was formed, but after a few minutes’ standing all the germanous hydroxide had 
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is absent ; otherwise colloidal solutions tend to be formed. 

















as the paventage of hee oo is the same in both cases. 








of disulphide, 
y placing the sulphide in air-free n-sodium hydroxide solution, 
stream of nitrogen to stir the solution and to ensure an inert atmosphere. After 2 
taken place. 
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468. Amino-acid Separations by Use of a Strong-base Resin. 
By C. W. Davies, R. B. Hucues, and S. M. Partarince. 


The possible value of an ion-exchange resin of strong-base t in the separation of amino- 
acid mixtures has been studied. Good ti of leuc 24 ic acid and leucine- 
methionine mixtures have been effected 


CONSIDERABLE success has been attained in the fractionation of amino-acid mixtures by means 
of ion-exchange resins of the strong-acid type (Partridge and Westall, Biochem. ]., 1949, 44, 418; 
Partridge, ibid., 1949, 44, 521). The mechanisms operati 

discussed in the papers quoted and elsewhere (Davies, ibid., 1949, 45, 38). 

the extent of ionisation of the individual amino-acids in their passage down the resin column, 
(6) the charges carried by the ions present, and (c) the van der Waals forces between the resin 
and the various species present. The relative importance of these effects can be controlled in a 
number of ways, by variation of the resin structure, of the nature of the liquid phase, and of the 
temperature, so that the versatility of the method is considerable. Improved separations 
resulting from a change of the developing solution (Partridge, sbid., 1949, 46, 459) and from an 
alteration of the temperature (Partridge, ibid., in the press) have already been demonstrated ; 
and a further possibility that is being explored is to utilise the strong tendency of the amino-acid 
anions to associate with bivalent metal cations. 
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The use of basic resins has, until recently, been severely restricted by the lack of strong-base 
exchangers. The earlier basic resins, which owed their exchange properties to amino- and 
imino-groups, have been successfully applied to the separation of the acidic from the neutral 
amino-acids, and to the separation of the acidic acids from one another (Consden, Gordon, and 
Martin, ibid., 1948, 428, 443; Partridge and Brimley, idid., 1949, 44, 513); but they were quite 
unsuitable for use with the neutral amino-acids. The position has now been changed by the 
advent of strong-base resins of the quaternary type, and the object of this short 
paper is to report preliminary measurements made by using one of these resins, Dowex 2. The 
resin was first characterised by the methods described by Partridge and Westall (loc. cit.). 
Next, a mixture of glutamic acid and leucine was separated on the regenerated column and an 
excellent separation was obtained. This pair of acids could, of course, be separated by the earlier 
methods to which reference has been made; but the use of a strong-base resin gives an equally 
efficient technique. Finally, the separation of a mixture of leucine and methionine was tested. 
These two acids have closely similar dissociation constants (leucine pX = 2°36, methionine 
pK «= 2°28) for the process A* == H* + A*, and in the fractionation of a mixture of amino- 
acids on @ negatively-charged resin they appear in the same band. For the process 
A* ==> H* + A”, however, the pX values are; leucine, 9°60, and methionine, 9°21, so that the 
separation of the anions on a strong-base resin should be relatively simple. This was found to 
be the case 





EXPERIMENTAL. 


Materials..-The resin was a sample of Dowex 2 graded to 250-500 mesh. it was in the form of 
team-coloured micro-beads, and was supplied as the chloride. It was regenerated with carbonate-free 
sodium hydroxide until chloride-free, washed with carbonate-free distilled water until the alkalinity 
—* the eluate fell to below pH. 8. The importance of having all solutions carbonate-free cannot be over- 
If any carbonate becomes adsorbed on the resin, carbon dioxide will be released by the 

doling acid and will seriously disturb the chromatogram. 


AnalaR hydrochioric acid and acetic acid were used, being diluted asrequired with carbonate-free 
distilled water. The amino-acids were laboratory reagents 


Characterisation of the Resin.-—By utilising the method described by Partridge and Westall (Joc. cit.) 
values for (the boundary width in cm.) and ¢ (the capacity in age g. of dry resin) were 
obtained our runs were carried out with hydrochioric and acetic acids. The concentrations of the 
acide and the rate of reasion of the boundary (5) were varied as indicated. For these experiments a 
columa 10-7 em. high and 1-5 cm. in diameter was used, containing §-4 g. of the resin he results 
obtained are shown in the Table 


Acid Conen. (g.-equiv. '! S (cm. /hr.). Aes 
Hydrochloric 0-108 0-96 
Hydrochlorx 0-205 1-38 
Acetix 0-106 2-13 
Aceti 0249 : 1-92 


The boundaries are wider than those obtained with Zeo-Karb 215 (Partridge and Westall, jvc. cit.) in 
spite of a lower boundary progression rate. The wider boundaries for acetic acid, compared with hydro- 
cblori acid, may be due to van der Waals adsorption of the acid molecules. The values obtained for ¢ 
show that the resin behaves unifunctionally over the pH range studied 


The Separation of Leucine and Giutamec Acid.—-For the experiments on the separation of amino-acids 
a second, smaller column of resin was fitted beneath and in series with the column used in the character- 
sation experiments. This smaller column contained 2-9 g. of resin, and was 8 cm. high and 1 cm. in 
diameter. The two columns were operated as a single unit 


5 Mulimols. each of leucine and glutamic acid were dissolved in 100 m!. of carbonate-free distilled 
water and run on to the regenerated and washed column. The adsorbed band occupied about one-third 
of the length of the column. The amino-acids were displaced with 0 1m-hydrochloric acid, the rate of 
flow being adjusted so that the amino-acid boundary, which was plainly visible, travelled down the larger 
column at a rate of 1.6 om. /hr., and duwn the smaller column at a rate of 2cm./hr. As the boundary 
approached the bottom of the lower column, 5-mi. fractions of the eluate were collected; this was 
continued until the eluate gave a positive reaction for chloride. A spot from each fraction was analysed 
by the paper chromatographic method described by Consden, Gordon, and Martin (Biochem. ]., 1944, 
88.224). Glutamic acid could only be detected in the last of the fourteen leucine fractions, and only the 
first fraction of the glutamic acid band contained leucine 


The Separation of Leweine and Methionine.—The experimental procedure was identical with that 
lease ribed for the separation of leucine and glutamic acid, and similar quantities of the two acids were used. 
As the displacement proceeded, a band of insoluble materia! was seen to form immediately in front of 
the hydrochloric acid boundary. To prevent this blocking up the column the rate of displacement had 
to be increased considerably above that of the previous run. In spite of this a good separation was 
obtained, and only four out of the twenty-four amino-acid fractions contained mixed acids. The paper 
chromatogram indicated that the insoluble material was cystine, which frequently occurs as an impurity 
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im commercial methionine. As the cystine became concentrated into a band its low solubility was 
exceeded, and crystals separated out in the column. 


We thank the Dow Chemical Company, of Midland, Michigan, U.S.A., for the sample of Dowex 2 
used in this work. 
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469. The Determination of the Dissociation Constants of Very 
Sparingly Soluble Weak Electrolytes. 


By R. N. Beare and A. Liserman. 
A differential method is proposed for the 





tion of the dis- 


spectrophotometric determina 
sociation constants of vey sparingly soluble elactrlytes, which is applicable where the solubility 
of the un-ionised com: age risk prods tion spectrum cannot be determined. 
The method has and confirmed 4-dimeth ylamino-2’-methylstilbene, the 


solubility of which (in water) is hype x 10°. 


DvurinG investigations of the physicochemical properties of a series of carcinogenic amino- 
stilbene derivatives, requiring determination of their dissociation constants, it immediately 
became apparent that direct potentiometric titration or conductance measurements would fai! 
completely owing to the low solubilities in water (ca. 10m.) 

Other methods have been proposed, ¢.g., titration with perchloric acid in glacial acetic acid 
(Hall and Conant, J. Amer. Chem. Soc., 1927, 49, 3047, 3062) or titration in aqueous organic 
solvents, in which the solubility of the base is somewhat higher than in water (Albert and 
Goldacre, Nature, 1942, 149, 245; Bell and Roblin, ]. Amer. Chem. Soc., 1042, 64, 2005; Kumler 
and Daniels, ibid., 1943, 65, 2190; Stockton and Johnson, /. Amer. Pharm. Assoc., Sci. Ed., 
1944, 33, 383; Cook, Heilbron, Reed, and Strachan, J., 1945, 861). The method used by Cook 
et al. (loc. cit.) was not applicable for all the compounds which they investigated. Furthermore, 
extrapolation of data obtained by these methods to pure aqueous solutions has been shown 
(Gorvin, J., 1949, 3309) to be unreliable. A considerable number of dissociation constants of 
bases, reported by Hall and Sprinkle (J. Amer. Chem. Soc., 1932, 54, 3469), were obtained from 
e m.{. measurements of a concentration cell containing the half-neutralized base. This method, 
however, is not applicable to aminostilbene derivatives, because of their low solubilities and 
because hydrolysis and other corrections would be of such a high order as to render the results 
of doubtful accuracy. Krebs and Speakman (J., 1945, 593) have proposed a method for slightly 
soluble bases depending on the solubility at a number of pH values. The method is limited by 
three factors: (a) the base should be capable of being determined in the presence of the buffer 
solution ; (b) the limiting solubility of the base must not be immeasurably small; in the example 
quoted (sulphadiazine), it was of the order of 2°5 x 10m.; (c) the electrolyte should not 
decompose in the solutions employed during the time taken to reach equilibrium (cf. dithizone ; 
Irving, Cooke, Woodger, and Williams, J., 1949, 1847). 

Spectrophotometric techniques have been used for the determination of the dissociation 
constants of organic compounds in the visible (Brode, J. Amer. Chem. Soc., 1924, 4, 581; 
Holmes and Snyder, ibid., 1925, 47, 2232), and in the ultra-violet region (inter alii Flexser, 
Hammett, and Dingwall, idid, 1935, 57, 2103; Clark, “ The Determination of Hydrogen 
lons,” MacMillan and Co., 3rd Edition, 1928). In all of these a knowledge of the extinction 
coefficients both of the ion and of its conjugate base at a number of wave-lengths is necessary 
Such spectrophotometric methods are particularly suitable for solutions of low concentrations 
(10-4%—10-*m.) if en, is large, (¢.g., ~10*, l-cm. cell). It was considered possible, therefore, to 
apply the methods to the sparingly soluble aminostilbenes which absorb strongly in the ultra- 
violet region. However, because of the immeasurably small limiting solubility in water of the 
free bases, it was found impossible to measure their absorption spectra, even in a cell of 5-cm 
light path. It was therefore necessary to devise an alternative procedure, taking advantage of 
the greater solubility of the ion at lower pH values. 

For substances which obey Beer's law, the usual spectrophotometric determination of 
dissociation constants (Clark, op. cit., p. 154) consists in measuring, at a particular wave-length, 
the optical density of absorption of a series of solutions of known total concentration with different 
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pH values. If « is the degree of ionisation of the base in any one of these solutions, then the 
observed optical density D is given by the equation 

D=eaeat+ai(i-«a ... . oe 
ceitiin Uaiihiitiens enaiietitit ad rahi dak ob thas toa 
¢ is the molar concentration, and / the cell-length in cm. ; « and « are previously determined by 
measurements of solutions of known concentration and of sufficiently high and low pH values, 
where « is virtually zero and unity respectively (for a base). Equation (1) then reduces to 


either ae a oe ee ce ea 


It follows that (1) may also be written as 


ee LD ee ae ee ee ee (la) 


It is frequently possible to find a suitable wave-length at which «, or « is zero, and this is the 
normal practice. One of the terms on the right-hand side of (la) then disappears and a is 
immediately determinable. In the present work, «, as previously indicated, could not be 
determined; and for no wave-length can it be certain that absorption of light is due to the ion 
only, so that (la) cannot be applied directly. It is possible, however, to determine « at any 
suitable pH value by the following procedure, involving a knowledge of the extinction coefficient 
of one species only. 
Consider a base ionizing according to 


ee? Ge Ser ae 6 ee aS 1S ce: eo 
Then application of the law of mass action and rearrangement gives 
pk, = pH + loga/{l — a) — logfasr/fp- - - - « « 
pk,’ = pH + loga/(l — a) . : . & 
where / refers to an activity coefficient and X,’ is Brensted's acidity constant (Chem. Reviews, 
Ov tee cae of the hydrogen ion activity {H*}, and {H*},, measured by pH, and pH,, it 
follows from (5) that 


1 
ApH = pH, — pH, = = bog SS - log Ry (eay). . . . (6s) 


Then Ry = a,(1 — a,)/a,(1 — a,) — - (6d) 
and from (6a) R, = {(H*)},/{H*}, . . . — . (7 
From (68) also, a, ~ 4, /[R, +(1— Rg). . .- a" % (8) 


For any wave-length we have, from (14) : 
At pH,, D, = Da, + Dill—a). . . “i - (% 
At pH,, D, = Dy, + Dy(l — a) : AS he. we 
whence — Dga,)/(D, — Dgx,) = (1 — a,)/(1 x) 5 . (i) 
From (8) and (11) it can be shown that 
= (D, — DD, — D,)(1 — Rg) - — (12) 
a, = (D, — D)Rg(D, — DJL — Ry) . (13) 
From (7), (12), and (13) it follows that 
8" =D, WE) = ee 
Dy Oe, wy em 
— of « from (12) or (13) in (5), the appropriate pH value being used, gives the value 
of pX,’. 
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ual aliquot portions of this solution were 
i amounts of n-hydrochloric acad 





























‘ * lining ” 
detergent multilayer, the stilbene solu 
to obey Beer's law at any pH value, " 
cluded that this treatment was sufficient to inhibit the 
adsorption of the positive stilbene ions. 

In the figure are shown the spectra of the basic stilbene in 0-06n 


The accuracy of any experiment may be 
isobestic point, the wa at which the 








In another experiment, in which additions of the cationic detergent at a concentration of 1 in 10° 
were made, very good agreement was obtained; an identical isobestic point was found. The table 
summarises the results obtained in a typical experiment. 


Spectrophotcmetric determination of dissociation constant of 
4-dimethylamino-2'-methylstilbene. 
a. A(mp.). Dy 
0-446 woo 
0-418 
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The treatment has been confined to a 

suitable modification it cam equally weil be 

prepa Bed w= ty ele prea a 
is nevertheless unstable in acid or alkaline medium 
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470. Polymorphism in Tetraethyl-tin and -lead. 
By L. A. K. Staverey, H. P. Pacet, B. B. Goarsy, and J. B. Warren. 


Experiments on tetraethyitin, carried out on different sam in three * of apparatus, 
have poe tag pene Firat ease f solely . The melting ts of all 
of these lie within the range 137° to 148" K. A less investigation of yl-lead has 
revealed at least six crystalline modifications, the meiting points of which likewise fall in a 
range of only a few degrees. Tetramethyl-tin and -lead, however, and also 3 : 3-diethyl-»- 
pentane and tetraethyligermanium, do not show polymorphism of this kind 
Even if there is free rotation of the methyl groups in a particular tetramethy! molecule, the 
corresponding motion in the tetraethy! molecule is impeded by steric interference of the 
methyl rare and moreover the freedom of movement of these groups must be 
ur restricted in the condensed states by intermolecular interlocking. The magnitude of 
these steric effects will have a sensitive dependence on the size of the central atom. It is 
tentatively suggested that the unusual polymorphism of tetraethyl-tin and -lead results 
from the molecular dimensions enabling the molecules to pack into different lattices in which 
— have different configurations, so that interaction between the methy! groups of a molecule, 
between those of adjacent molecules, differs from one crystalline form to another. In other 
words, in the solid state, at least, the molecules of these two polyalky] compounds exhibit a form 
of rotational isomerism 


Tuis paper describes the discovery and the investigation of an uncommon type of polytnorphism, 
a preliminary note about which has already been published (Nature, 1949, 164, 787) : tetraethy)- 
tin and -lead can exist in an unusually large number of crystalline forms. For each of these, 
however, the melting points of all the modifications fall within a few degrees. The phenomenon 
was discovered with tetraethyltin, and has been more fully investigated for it than for tetra 
ethyl-lead. On the other hand, experiments with tetramethyl-tin and -lead and “ tetra- 
ethylearbon " (3 : 3-diethyl-»-pentane) gave no indication of more than one melting point, and 
preliminary observations on tetraethylgermanium suggest that this is true of this substance also 
The comparison suggests that the ability of tetraethyl-tin and -lead to crystallise in a large 
number of different forms is a property which has a very sensitive dependence on molecular 
structure. This will be discussed further after the experimental facts have been presented. 


EXPERIMENTAL. 


Three series of experiments on tetracthyltin were carried out. The observations in series 1 were 
made with the low-temperature calorimeter described by Staveley and Gupta (Trans. Faraday Soc., 
1949, 45, 50), those of series I! in an apparatus constructed of glass so that the crystallisation and melting 
could be observed, and those of series th in an apparatus similar to that designed at the U.S. Bureau ot 
Standards for the accurate measurement of m. p.s below room temperature (Mair, Glasgow, and Rossini, 
/. Res. Nat. Bur. Stand., 1941, 26, 591) 


Temperature measurements in series | were made with a platinum resistance thermometer wound on 
the calorimeter and calibrated im sitw against methy! bromide, methy! chloride, phosphine, ethylene, and 
methane vapour-pressure thermometers, the calorimeter itself serving as the bulb for the liquid 


The glass apparatus in which series I] was carried out in shown in Fig. 1 M. p.s were measured with 
a built-in ethylene vapour-pressure thermometer. The vessel 1 which contained the alky! had a capacity 
of about 10 c.c. and surrounding this in 2 was the liquid ethylene. The copper wire * 3 provided 
for uniformity of temperature in the ethylene jacket and also prevented bumping of the liquid during 
evaporation. The dimensions of 2 were such that some of the ethylene could be evaporated in order to 
cool veasel | and its contents, whilst sufficient remained for the temperature of the alkyl compound to be 
read accurately. The space 4 was evacuated, or, alternatively, hydrogen was admitted into it when 
thermal contact between | and 2 and the surroundings was necessary "The apparatus was immersed in 
a low-temperature thermostat, consisting of a 2-1. Dewar vessel with an unsilvered stripe down the side 
*© that the tetraethyitin could be kept under observation. The thermostat was filled with isopentane, 





AR es | ay nee at a constant 

a i Se ae X The 
determined with — — ethylene vapour pressures were 
read to O02 mm., yy cr numerous m. p.s of tetraethyltin fall represents an 

aceuracy of 0-02°. 

a ee ae pues Sen ee ee ee oe ae nog 
, and lass- wool and cooled 
— — — 


purthed by fractional bed 
————— 2 py oh 127° vn — bey ~ prea 
wtp ew — — — in a All glass apparatus used for 
— — hquid oxygen through a copper spiral. experiments of series II 
calorimeter need for 1, the of of eth 
io tals cam dhanaed to aaty O41" beteumn Sample of ethene Prepared — 


The a tus employed in series II] was designed to operate with a 
charge of about 20 c.c. of liquid. Temperatures were determined with a 
relative accuracy of 0-02° with 3- 
couples. These had been calibra and were 
same @ ro Sef DS Ss ae and 
carbon Iphide, and also in liquid air the temperature of which was 
measured with a carbon mono vapour-pressure thermometer. The 
values of the E.M.F. at the five known temperatures were then used to 
construct a deviation curve from the data given by Southard and Andrews 
(J. Franklin Inst., 1929, 207, 323) 


T etracthyltin.—Several samples were used. All were prepared from 


stannic chloride and ethyl-magnesium bromide (Krause and von Grosse, 
* Die Chemie der metall-organischen Verbindungen,” Berlin, 1937, p 816), 


} 
2 
tetraethyltin was dried over phosphoric anhydride and distilled at atmo- 0 3 








spheric pressure. It was then fractionated in an all-glass apparatus under 
reduced pressure, and the middle fraction refractionated under the same 














* 
conditions (b. p. 39-6°/2 mm.). The middle cut from this process was 
stored over phosphoric anhydride until required, when it was degassed and 
condensed into the calorimeter. The following , indicating the purity 


of sample A, ~ po Py the temperatures rec at different stages of the melting of the crystalline form 
later designat 


melted ...... mane 3740 44-2 575 65-5 721 
— 140-44" 140-51° 140-52° 140-53" 140-54" 


lf the impurities are regarded as liquid-soluble but solid-insoluble, these figures lead, by conventional 

methods, to m. p. 140-56" for the actual sample and to m. ° 140-61" for the pure substance. This 
s to an impurity concentration of 0-26 mole-%. It may be added t anomalously 

heat- -capacity values, caused by premelting, were not observed until the temperature was within 4° 

m. Pp. 

Two new samples B and C were made for the experiments of series I]. Sample B was purified by 
aqueous-alcoholic a nme fluoride as for 4, and the crude imen was fractionated under atmospheric 
pressure in an all-glass apparatus, the fraction of b. p. 175-—-177° being collected. This was then 
refractionated at 26-5 mm. (b. p. 93-5"). In a test for halides, a sample of the distillate was refluxed with 
aqueous sodium hydroxide and, after acidification, pd ae no precipitate with silver nitrate solution. The 


resulting sample B was dried over phosphoric anhydride, degassed, and distilled into the apparatus 
tm vacuo 


Sample C was freed from halides by an alternative procedure described by Krause and von Grosse 
op. cit.), namely, Ah wen through the dry ethereal! solution of the alky! until no more 
precipitate (a dou of the triethyltin halide with two moles of ammonia) a The 
precipitate was filtered off fend the ethereal solution dried Ay = After removal of the , the crude 
tetraethy!tin was distilled twice at atmospheric pressure, the tion of b. p. 176-—177° being near 
the entire sample. This was then fractionated — reduced pressure and the middle fraction —— 
Se ee eee ee ee However, when it was cooled to — 125", an 
unidentified white substance was precipitated was filtered off at this temperature, and the liquid 
refractionated under reduced pressure. The product was Sample C, which was kept over phosphoric 
anhydride and then vecuum-etilied into the apparatus 





th — 
the su tended to «rm 
made it difficult to assess the purity of the samples used in series I] {rom the melting curves, but at least 
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agreement between the corresponding obtained 
toued st 1ab 79" x. for Brand at labo sO" 


a 


i 


. The prodect 
es 22 


i 


with those obtained by 
sample (df 1-1916, »f 1-4717, 


sample of this substance was obtained from the Associated Ethy! Company. 
used without any further treatment. While the experiments 


* 


t 25° below the temperature at which most of the solid later melted. Once 
the electrical hea was and the temperature to rise of 
out by heating it electrically and taking 

it. Sometimes the 








temperature-time curves are inclined and not 
periodically interrupted during melting and the 


aid spontaneously on cooling, when the temperature had fallen 
to ’ experiments this resulted in the production of the form with the 
lowecl anaiting point observed in this series (form 4) 

Some 20 experiments in all were carried out. Temperature—time curves for 8 of these are plotted in 
Pig. 2, which between them indicate at least five different m. p.s. The temperatures of arrests in the 
remaining experiments, not represented in Fig. 2, were all consistent with one or other of these 5 m. p.s 

As we do not consider that we have ily “i aii the m. p.s which this substance possesses, 
we shall not follow the usual practice of designating the polymorphic forms I, I], II, etc., in order of 
decreasing m. p Instead the different forms will be provisionally labelled a, b, c, etc., in the order in 
which they are described 


The modification (4) of lowest m. p. was obtained in two experiments only, both of which were 
carried out early in the investigation, before the com ties of the system had been fully realised 
While neither was conducted in the manner best suited to a precise m. p. determination the m. p. of @ 
can be given with reasonable precision as 138-1° + 01° x. Form } appeared on 5 occasions, but never 
alone or in sufficient quantity for accurate observation. The data are, however, consistent with m. p. 
138-7" 4 O2° x. The presence of modification ¢ was revealed in 6 experiments, in all of which it was 
accompanied by one or two of the other forms. From a run in which it formed the major part of the 
crystals and which was carried out with intermittent heating the m. p. of ¢ was estimated to be 
130-80" + 0-05 x. Form d appeared 4 times, and once was unaccompanied by any other modification ; 
from this ran, the value obtained for the m. p. of d was 140-61° x. 


The form most frequently produced in series I was that with the highest mp. This form ¢ was 
obtained in 7 experiments and in 4 of these was the only form present. If a heating run indicated the 
nee of ¢ after any other forms had melted, then if the temperature was reduced a little just after the 
sion of ¢ had started the whole sample crystallised out in this modification. Its m. p. was 142-12" k 
In 5 runs it seemed that a form /, with a slightly lower m. p. than that of ¢, had appeared, for which a 
m. p. of 141-87" K. was obtained (cf. the 4 curves in Fig. 2 which indicate melting in the neighbourhood 
of 142°). Unfortunately the position was complicated by a change, during the experiments, of the 
characternstics of the platinum thermometer. The resistance of this thermometer (which was wound on 
the calorimeter) increased, suggesting that the wire had been stretched owing to strain on the calorimeter 
walls. (lo one experiment in series I] the glass vessel containing the alky! compound was shattered by 
the strain set up on crystallisation.) Fortunately, this change in the thermometer, which happened 
suddenly, did seé occur until the existence of the four forms e—d¢, and of either ¢ or /, had been established. 
We regard the existence of the two forms ¢ and / (rather than that of one form ¢ only) as probable, but 
not proven, and for this reason in our preluminary note (Joe. cif.) only one form was stated to melt in the 
neighbourhood of 142° K., and a mean value of 142-05" K. for the m. p. was adopted. 


The conclusion that ali the arrests in the temperature-time curves of series I did in fact nt 
melting and that none could be connected with transitions was reached by a quantitative — — 
of these curves assisted by a direct determination of the heat of fusion of forme. As this conclusion was 
amply confirmed by the experiments of series I] and III. the argument need not be given in detail here 
in addition to the heat of fusion of ¢, the heat capacities of the liquid alky! compound and of the solid 
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Serses 11.—The experiments of this series were planned so as to vary as far as possible the conditions 
under which the substance crystallised. To cool the substance r y the apparatus was surrounded 
Slower cooling was achieved either by 
using liquid ox 
jacket — 
the substance had been crystallised 
above the highest m. p., and — — ——— 
this process the outer space 4 was evacuated if it was desired that the tate sh 
possible. Under these conditions complete a took about 4—S hours. To 
warming a trace of hydrogen was admitted a run could then iting had 
Occasionally a run was started with the space 4 evacuated, and after melting 
admitted to 4 and then pumped away after substantially more of the solid had mel 
The substance was more reluctant to crystallise in this a tus than in * of the other two, 
presumably owing to the absence of the stirring employed in ex 
the enclosing glass surfac es were much smoother than the walls of t 
one occasion the 





interlocking, a 
it was found t 
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process in amy one experiment, the remaining solid was, of course, 

was being communicated from the thermostat down the 

— eats Cnene Se ete he epees gen See as ee : 

ethylene, to have a higher temperature than the solid alkyl compound, and 
may attach to the interpretation of any steady temperatures recorded when 
In all, 13 temperature-time curves for the fusion of the solid were determined in series II. 
Pive of these are plotted in Fig. 3. Again it will be seen there is a correspondence between the 
tem tures of arrest in these curves, which can scarcely be fortuitous. The lowest m. p. represented 


to this arrest was 142-1" + 0-1° «., and the crystal form involved would therefore appear to be 
with ¢ of series I. The next form ¢ was present on at least 3, and possibly 4, occasions, and 
was m. p * + 0-05" x. Ig one experiment there was an arrest for over an hour 
at 144-1° + 0-15° &. and there was evidence that the form (A) + yy for this had constituted part 
of the crystal mass in 2 other runs. The modification (i) with next highest m appeared more 
frequently, in 6 of a total of 13 experiments, although in 2 of these it was produced by seeding from a 


Fic. 3. 


Temperature-time curves oblained on warming crystalline tetracthyltin (series IT). In the experiment 
represented by curves 2 and 4, hydrogen was admitted to the outer jacket at the stages represented by the 
dotted lines after partial fuston had taken piace and was — — before melting was complete 








⸗ ~~ 
J- 
— 


i+ 





146" 








® 
Fy 
: 
8 
: 











Time(min )} — 


previous run. All 6 m. p. values were consistently 145-80° + 0-05" x. Finally, on 5 occasions a form 7 
with a still higher m. p. (147-1° + 0-15" K.) was present here was slightly more variability in this 
m. p. than in the others, presumably because there was relatively little solid remaining in the vessel by 
the tame this arrest was reached 


The temperature-time curves sometimes showed small arrests at other temperatures. In curve 5 of 
Pig. 3, for example, there appears to be an arrest at 144-6 It may be that these are evidence of the 
existence of yet other forms, or alternatively that they represent false equilibria arising from recrystal 
lisation or interconversion, the possibility of which we shall consider in due course Ve therefore attach 
no significance to arrests only encountered once. It must be stressed that each of the arrests in series II 
which have been ascribed to the existence of forms ¢—J appeared on not less than three occasions, with 
the degree of reproducibility given above, It is worth recording that the highest m. p.s tended to be 
encountered when the solid was heated comparatively rapidly 

In the one run with crystals which had been produced by warming of the glass 


the melting 
behaviour was quite different 


The temperature-time curve for this experiment is plotted in Fig. 4. It 
has several horizontal or almost horizontal portions, which fall in the temperature range covering the 
m. ps observed in series I. Whether or not all the arrests represent m. p.s, there is no doubt that in 
this experiment meiting started at about 138-8° K., and that fusion was complete at 142° K., t¢., ata 
temperature at which, in the other experiments of series I1, the alkyl compound was still all solid or only 
ust beginning to liquefy Some, but not all, of the arrests can be correlated with the m. p.s of series I 
Ve shall defer further discussion of this, however, until all the experimental evidence has been presented 
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Series LII.—In this 


. temperature as rec 
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ith the resumption of stirring the temperature to the m. p., but shortly afterwards started to rise 


Fra. 4. 
Temperature—time curve for tetrasthyltin (series I1), showing the 
— pede wt of me Fao Leno cated onred tadoume 
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Fis. 5. 
Temperature-time curves for carbon disulphide, the apparatus being that of Series I1] 
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again. Since the apparatus was suitable only for observations on the first es of freezing and the 
final stages of melting, it was modified after a number of experiments of this kind had been carried out 

The stirrer was removed and replaced by a pile of 30 perforated discs, 0-1 mm. thick, soldered at 
a distance of 2 mm. apart to a central metal tube which closely fitted the thermocouple tube. The 
height of the pile of discs was such that the top disc was just below the surface of the liquid alky! com 

pound. With this arrangement it was p le to the temperature at which fusion of the 
crystalline mass started, but not the temperatures at which any higher-melting 

begun to liquefy. Experiments were carried out on a pure sample of carbon disulph 

a substance with a single and accurately known m. p., to ensure 

and the freezing temperature measured in these different 


shown temperature-time curves for carbon obtained (4) by slow freezing with continuous 
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the the stirrer started as soon as it became 
es abet — — — 2 
a a 
the warming curve (c) a horizontal! point of inflexion are in fact the same as the steady temperature 
recorded during treezing in (a). 
Fis. 6. 
Temperature-time curves for fusion of tetrasthylten (series 111). 
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When the alkyl compound was cooled sufficiently rapidly, crystallisation frequently occurred 
without extensive supercooling, and this always produced the forms with the lowest m. p.s. Slow 
cooling, however, usually gave the glass, which was then induced to crystallise by gradually raising its 
temperature. 
A representative selection of the tem 
—* Curve | is an example of an experimen 
and the corresponding zing t 
in form 4, twice obtained in series 


perature—time curves obtained in series III is shown in Figs. 6 and 

t in which freezing occurred with scarcely any supercooling, 
—— of 138-11° x. suggests that the substance had crystallised 
The same form was obtained in a later experiment (curve 6) in 
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preceded by extensive —— — Curves 2 and 3 are of particular interest 
ino carve Benak pinanes ISVGP — to the peoduction 
we have measured for tetraethyitin. As soon as the 
ry etna tence 
curve 


«., 6.4., close to the value ascribed to form 6 of py 


4 
which are represented in Figs. 6 and 7 


In 7 of the experiments in which the 


given, but at least it seems clear that the alky 
in a form with a m. p. higher than that of ¢ or f (~142° x.). 


The results of the three independent series of experiments are summarised in Table I. 


Taste I. 
Melting points of the various crystalline forms of tetrasthyltin. 
in parenth after each m. p. is the number of times that form was obtained.) 
Series 1. Series II. Series III. 
— — 137-43" e) 
138-1°4-0-1* (2) 138-11 (2) 
138-5 (10) 


— 





be 
3 


141-9-4.0-1 (7) 
142-12 (5) 142-1°4-0-1° (5, ?7) — 


a 
a 
d 
é 
a 
9 
1 


14406 145-8 (1, 22) 
147-14-0-15 (5) _ 


Results for Tetracthyl-lead. 


P , crystals, once begun, was usually so rapid that the stirrer 
possible to keep the stirrer 

just in t Cc all observa made 

mechanical s 





The lowest m. p. observed was at 135-6" 4+ 0-1° x. 
ao. The results of one of these are shown in curve 5. 
136-6" + 0-1" K. appeared on two occasions (curves 1 and 2). 
ceased, and the temperature, after very 
becoming constant at 137-4° x. Evidence of a form ¢ with m. p. 137-4" kK. was 
that, im the experiment gave curve 2, 
* en 4, i caren 00.0. end Sane Gumg Se tee ate Se 
uilibrium, temperature oscillation being due to opposing thermal! effects 
the crystalliention of ¢ anal the fusion of the remaining b. 
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Fis. 6. 


Temperature-time curves for the fusion of crystalline tetracthyl-lead. Im the ' represented by 
curve 7, the stivver came into operation at the gap in the curve indicated by the arrow. 


143 — — 








9 


Temperature("A) 


* 
a 
a 


Experiments om Tetracthyigermantum 


Dennis and Hance (/. Amer. Chem. Soc., 1925, 47, 370) gave 183-0" K. as the m. p. of this substance 
We have carried out preliminary experiments on a sample (specially prepared for us by the method 
described by Krause and Flood, sbed., 1032, 64, 1635), which unfortunately proved to be much less pure 
than was hoped. Eight experiments were carried out in the apparatus used for the tetracthyitin 
investigations. Crystallisation could be brought about by rapid cooling, with little if any supercooling. 
With slower cooling, the alkyl compound could be supercooled by about 15°. The 6 cooling and 3 
warming curves obtained gave no indication that the substance had ever crystallised in any but one 
form, and, though an accurate value for the m. p. of this cannot at present be given, it is certainly within 
12° of the value found by Dennis and Hance 


Discussion 


As far as we are aware, no other known organic substance is capable of existing at ordinary 
pressures in as many crystalline forms as tetraethyltin. In the comprehensive investigation of 
the physical properties of hydrocarbons carried out at the National Bureau of Standards, 
Washington, a few of these substances have been found to crystallise in three different forms, 
ég., 3: 3-dimethylpentane and mesitylene (Streiff, Murphy, Sedlak, Willingham, and Rossini, 
]. Res. Nat. Bur. Stand., 1946, 37, 331), and menthol can exist in at least four solid modifications 
with melting points only a few degrees apart (Wright, /. Amer. Chem. Soc., 1917, 39, 1515). For 
tetracthyltin, however, there appear to be at least ten forms, and for tetraethy!]-lead at least six. 
The only value in the literature for the melting point of tetraethyltin is 161° k., quoted by 
Griittner and Krause (Ber, 1917, 50, 1802), who do not, however, give any details about its 
determination. This value is considerably higher than any we have obtained. 

One striking feature of our experiments has been the frequency with which crystallisation has 
produced more than one modification simultaneously, as shown from the resulting step-wise 
melting curves. In these circumstances the system during melting cannot really be in 
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equilibrium, and the fact that the melting curves so often resemble those 

obtained by heating a mixture of substances which melt to quite immiscible 

— quota cae Andy igen Rm gpa pte Ses 

the liquid at temperatures a little below the melting point is small in relation to the time of 

melting experiment. In fact, in only one experiment did it definitely appear that the melting 

of a low-melting form was followed by — — 

ee ae 8). The spontaneous change of one solid modification into another 
also appeared to be comparatively rare, although this definitely happened once with tetraethyltin 

in series III (curves 2 and 3 of Pig. 6) and probably also in series II, since when 

atures were recorded during freezing they were lower than those at which the crystal melted. It 


correlated with the melting points observed in this region in series I or III. 

out that the velocity with which a liquid freezes is sometimes very sensitive to the 
traces of impurities (Timmermans, ‘ Chemical Species," Macmillan, 1941, p. 103), and that the 
same may be true of the velocity of spontaneous change of one solid form of a substance into 
another. Consequently, effects due to recrystallisation and to interconversion of the crystal 
forms might be obtained with one sample of the alkyl compound but not with another which 
differs slightly in the amount and nature of the impurities present. 

In seeking an explanation of the unusual polymorphism of tetraethyl-tin and -lead, we 
attach considerable importance to differences between these substances and certain analogues : 
calorimetric studies in this laboratory on tetramethyl-tin and -lead, tetraethylgermanium, and 
3 : 3-diethyl-n-pentane have given no indication of multiple melting points. Aston and Messerly 
(J. Amer. Chem. Soc., 1936, 58, 2354) reported only one melting point for neopentane, although 
tetramethylsilicon crystallised in a stable and an unstable modification (Aston, Kennedy, and 
Messerly, ibid., 1941, 78, 2343). Among the Group-IV tetramethyl and tetraethyl compounds, 
therefore, tetraethyl-tin and -lead appear to be in a class by themselves with respect to their 
polymorphism. But there is a further important difference between the tetraethy! and tetra- 
methy! compounds, concerned with the trend of the melting points on progression from carbon 
to lead. Table II records the melting points of these substances and of the tetrachlorides. Both 
for the tetramethy! compounds and for the tetrachlorides the melting point of the carbon 


Taste Il, 
Melting points (x.) of compounds MX,. 
M. ci. cH, C,H, : ; cH, 
DS seccosa — 250-3° 256-5° 240-1" * 218-3" 
Si. a 1741 — ———— 242-9 
Ge a p7 185 183-0 
* Highest melting point recorded. 


compound is higher than that of the silicon compound. Thereafter the melting point rises with 
increasing molecular weight. The same is true for the bromides and iodides. The relatively 
high melting points of the carbon compounds are to be related to the fact that they all [i.., 
C(CH,),, CCl,, CBr,, and Cl,) exist in a low-temperature and a high-temperature form. For 
CBr, and probably for the other tetra-halides the high-temperature form has a highly symmetrical 
lattice. The short C-X bond length leads to a compact and nearly spherical CX, molecule 
and a lattice of considerable symmetry such that the molecules, even if they do not freely 
rotate, probably have considerable orientational freedom and behave as if they were effectively 
spherical. The greater Si-X bond length and the stronger intermolecular forces lead to a 
greater degree of intermolecular interlocking, and a lattice which, while perhaps isomorphous 
with the low-temperature form of CX,, is certainly not isomorphous with the high-temperature 
form. Consequently, the melting-points of the CX, compounds do not fall into line with 
those of the corresponding compounds of the later elements of the group. It may be remarked 
here that “ tetraethylcarbon " (3 ; 3-diethyl-n-pentane) has been found in this laboratory to 
undergo a transition some 30° below its melting point, which, as will be seen from Table II, is 
higher than that of the other known Group-IV tetraethy! derivatives. 

The tetraethy) have lower melting points than the corresponding tetramethy! compounds, 











in the MX, molecules (X = alkyl) in the progression 

to M = Pb is the M~X bond length, viz, C-C 1°64, Si-C 1:93, Ge-C 1-98, Sa-C 

2-29 a. (Brockway and Jenkins, sbid., 1936, 58, 2036). The most marked 

Legere eget at rh a tater et Soy We have already 

first of these. The second is believed to be intimately connected 
tetraethy!-tin and -lead. 

to believe that the potential barrier restricting the rotation of a methyl 


However, even if the methy! groups 
ethy! groups in M(C,H,), cannot do so owing to the 
overlap of the paths followed by the peripheral atoms. Fig. 9 shows, for C(C,H,),, Ge(C,H,),, 


Fis. 9. 
Showing the relationship of two co-planar ethyl groups wm letrasthyl-ger and lead and 
3: yi-n- pentane 





and Pb(C,H,),, the position in which this overlap is greatest. The radii of the full circles are in 
proportion to the covalent radii of the atoms concerned. The dotted circles represent the 
effective van der Waals field of action of the peripheral methy! groups, the radius corresponding 
to 2a. (Stuart, “ Molekiilstruktur,” Berlin, 1934, p. 47). It will be seen that even with the 
largest molecule (tetraethy!l-lead) there is a considerable overlap of the regions swept out by 
the van der Waals’ spheres of action of the methyl! groups as the ethyl groups rotate. In an 
isolated molecule it will, of course, be possible for any one methyl! group to proceed to any other 
position which free rotation about the M-C bond makes available to it, though this may require 
simultaneous and suitable movement on the part of the other methyl groups. (The potential 
energy of a pair of methyl! groups could be approximately represented by an expression such as 
((a/r**) — (b/r*)), where r is the separation of their centres. It would be interesting to know if 
the total potential energy of all four such groups in a molecule, expressed in terms of co-ordinates 
defining their relative positions, has more than one minimum. Unfortunately, the mathe- 
matical difficulties involved in the solution of this problem appear considerable.) 

The freedom of movement of the methyl groups of any one tetraethy! molecule will, however, 
be further restricted in the condensed states if under these conditions adjacent molecules tend 
to interlock. Nothing is known of the crystal structure of the solids. However, calculations 
from the van der Waals spheres of action of the methyl! groups and the molar volumes show 
that there must be considerable intermolecular interlocking im the quid, and presumably 
even more in the solid. This will be more pronounced the larger is the central atom. By 
means of models, it can be shown that for a tetraethy! molecule with a sufficiently large central 
atom, various forms can be constructed, differing in the relative positions of the methyl groups, 
such that the molecules of any one form can be packed together so as to prevent the methyl 
groups altering their positions to those of another form 

The polymorphism of tetraethy!-tin and -lead may not therefore be simply caused by packing 
of identical molecules into a suprisingly large number of different lattices, but rather by the 
molecular geometry and dimensions being such that different crystal forms exist in which the 
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relationship between the methy! groups in one molecule, and hence between those in adjacent 
molecules, is different from one form to another. (There may, of course, be polymorphism of 
the ordinary kind as well, in that some of the crystalline forms may contain molecules with 
identical configurations.) In other words it is suggested that, in the crystalline solids at least, 
these molecules exhibit a form of rotational isomerism. In the smaller molecules of the carbon 
and germanium series there is a larger potential barrier restricting free rotation of the ethyl 
groups about the bonds to the central atom, as well as greater overlap of the regions available 
to the peripheral groups and less pronounced intermolecular interpenetration (i.¢., the molecules 
are more compact and more nearly spherical). These factors may combine to make one 
configuration of the molecule in the lattice much the most stable. 

If rotational isomers of tetraethyl-tin and -lead exist in the solid, the question of their 
possible persistence in the liquid state arises. For example, is the liquid produced as a high- 
melting form melts identical with that obtained by heating to the same temperature the liquid 
produced from a low-melting modification. If intermolecular equilibrium in the liquid is very 
rapidly established at all temperatures, so that the free energy of the liquid (at constant pressure) 
has a definite value at a given temperature (whatever the history of the liquid), then we should 
expect constant and reproducible melting points for the different solid forms of the pure 
substance (in the absence of complications such as spontaneous recrystallisation or inter- 
conversion). Comparatively slow attainment of the equilibrium in the liquid would lead to a 
time-variable free-energy curve and variable freezing and melting points (s.¢., the melting point 
of a given form should change as melting proceeds; the properties of systems such as this would 
be have been fully discussed by Smits, in “ The Theory of Allotropy,” Longmans, 1922.) Our 
results appear to conform to the first type of behaviour, and suggest that, in the neighbourhood 
of the melting points at least, any equilibrium in the liquid is established relatively rapidly. 
This does not, however, rule out the possibility that the liquid shows time-variability in its 
properties, particularly at lower temperatures in the supercooled state, and it is hoped to 
investigate this further. Claims to have observed hysteresis in the thermodynamic properties 
of organic liquids are of doubtful reliability (see Aston and Schumann, /. Amer. Chem. Soc., 
1942, 64, 1034; Guthrie and Huffman, ibid., 1943, 65, 1143; Aston, Rank, Sheppard, and Saasz, 
ibid., 1948, 70, 3525; Railing, sbid., 1939, 61, 3349; and Pitzer, ibid., 1940, 62, 331). 


We are grateful to the Chemical Soc t to cover the cost of the tetraethylgermanium, and 
to Imperial Chemical Industries Limited for —* much of the electrical apparatus. 


Tux Lworcanic Cuemistry LaBoratory, Oxrorp. (Received, March 27th, 1950.) 


471. The Nature of the Co-ordinate Link. Part I. The Non-ionic 
Complex Compounds of Tri-n-propylphosphine with Platinic and 
Platinous Chlorides. 


By J. Cwatt. 
The non-ionic simple complexes cas- ee ee — — trans-|(C,H,),P),PtCl, (i), and 
tinic 


the bridged complex ((C,H;) 234 i have 
complexes (IV), (V), and (VI}, which have all been characterised 

Ahlorination of the simple complexes is easy and clean but that of the bridged complex does 
not go cleanly. The cis-platinic com (IV) is much more labile than its platinous analogue 
and isomerises in benzene solution, ly at room temperature, rapidly on boiling. Thermal 
decomposition of both the c1s- and trans-platinic complexes yields a mixture of cis- and trans- 
platinous complexes from each isomer, ting a cis-elimination of the chlorine atoms. The 
simple platinic complexes are pian resistant to reduction by sulphur dioxide but each 
—— a mixture of ess- and trans-piatinous complexes by stannous chioride reduction. The 

platinic complex (III) is on the other hand easily reduced. Its properties contrast 

* the bridged platinous complex in that the is very weak and is split by ether 
and other oxygen-containing solvents, rather like the in aluminium chloride. The 
platinic complex also shows catalytic activity not by any other of these six 
complexes. It is su; — the d orbitals of the platinum atom take part in a resonance 
which stabilises the aoe 4 but is less likely to take place in a platinic bridge because 
another d orbital is now invol principal valency formation. Tri- —— —— hos- 
phonium chloroplatinate, chloroplatinite, and tetrachloro-yy’-dichlorod 


Hrtuerto only two series of complex compounds of tertiary phosphines with platinum 
chlorides have been described. In the #-propyl series they are cis- and trans-bis(tri-n-propyl- 


tot —— p 


nite are descri 
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phosphine)dichioroplatinum (I and II). Their configurations have been determined by dipole- 
moment measurements (Jensen, Z. anorg. Chem., 1936, 229, 250). 
— — CHP A FT a ah: 
cH” ‘a ao “PCH, co’ “cr “pen, 
1. 


(iL) (ILL) 


The third platinous complex, dichlorobis(tri-n-propylphosphine)-yy’-dichlorodiplatinum 
(III), was first obtained by reaction of the phosphine with ethyleneplatinous chloride 
(C,H, PtCl,), but is more conveniently prepared by the direct reaction at about 165° of finely 
powdered platinous chloride with the crude mixture of (1) and (II) prepared by Jensen's method 
This compound is a platinum analogue of the palladium compounds described by Mann (Ann 
Reports, 1938, 35, 150; Chatt and Mann, /., 1939, 1622), but could not be obtained by the 
method available in the palladium series (Mann and Purdie, /., 1936, 880). 

The properties of this class of compound will not be described here; other members have 
been prepared and isomerism in this series is at present under investigation. 

It has been observed (Nyholm, Quart. Reviews, 1949, 3, 343) that the most stable halogen- 
bridged complex compounds are those in which the metal, which is usually multivalent, exists in 
one of its lower valency states. In view of the ready and clean halogenation of the simple 
complex compounds of tertiary arsines with platinous halides to the corresponding platinic 
compounds (Nyholm, J., 1950, 843), it was of interest to see whether the bridged platinous 
complex compounds were so easily and cleanly oxidised and whether the halogen bridge would 
survive such treatment. 

Chlorination of the bridged complex (III) was, however, far from clean; some propyl- 
phosphine was oxidised away from the platinum atom, and the properties of the derived platinic 
complex (VI) were very different from those of the platinous bridged complex (III). On the 
basis of the formula as written, (I), (11), and (III), there is no obvious reason why (IIT) should 
behave so differently on chlorination ; consequently, the oxidation of these three substances was 
of immediate interest for the light it might throw on the detailed structure of the halogen bridge 

Chlorination of the Platinous Complexes (1), (II), and (I[1).—When the simple compounds 
(I) and (IL) were treated in benzene solution at 6—5”° with the theoretical quantity of chlorine in 
carbon tetrachloride solution, the oxidation proceeded smoothly and cleanly. The crystalline 
platinic derivatives crystallised from the reaction mixture as Nyholm described for the simple 
arsine complexes (/., loc. eif.). There was only very slight chlorination of the benzene, as 
shown by a slight fume of hydrogen chloride. Some isomerisation of the cis-compound (IV) 
also occurred during the chlorination : 








eis-(PPr,)PtCl, + Cl, 70% cis-(PPr,),PtCl, + 30%, trans-(PPr,),PtCl, 
trans-(PPr,),PtCl, + Cla = trans-(PPr,),PtCl, 

These chiorinations can be effected most conveniently by passing an excess of chlorine into 
the benzene solutions, then immediately filtering off the cis-product or removing the excess of 
chlorine by partial evaporation under 15 mm. pressure in the preparation of the trans-isomer. 

The products cis- and trans-bis(tri-n-propylphosphine)tetrachloroplatinum (IV) and (V) are 
beautifully crystalline substances less soluble in benzene and more strongly coloured than their 
progenitors. Unlike the simple platinic derivatives of tertiary arsines studied by Nyholm 
(]., toe. eit.) they both decompose on melting. The cis-isomer melts at 123—125°, immediately 
resolidifies, and remelts over a long range at 175—200°. The trans-isomer melts at 175-—~185° 
depending on the rate of heating 

The cis-configuration was assigned to the greenish-yellow isomer, and the #ans-configuration 
to the golden-yellow isomer, on the basis of the following contrasting properties : 


ets-(PPr,), Ptcl, trans-(PPr,),PtCl,. 

Obtained only by chlorination of eis-(PPr,),PtCl, Obtained as the only product in the chlorination 
of trans-(PPr,),PtCl, 

Insoluble in cold benzene and non-polar solvents Fairly soluble in cold benzene and most organic 
solvents 

Labile, converted into its isomer in boiling solvents Not labile; n 
isation 

Develops a cloudiness with silver nitrate in aqueous Stable to silver nitrate 

acetone 


physical conditions caused isomer- 


The chlorination of the bridged complex (ITI) was in marked contrast. In benzene solution 
considerable chlorination of the benzene occurred even when the theoretical quantity of chlorine 
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was used. A deliquescent yellow oil separated. The benzene solution decanted from the oil 
vielded ultimately only a very small quantity of hexachlorobis(tri-n-propy!phosphine) -’- 
dichlorodiplati (V1), together with a little unchanged (III). When an excess of chlorine 
was used, very rapid chlorination of the benzene occurred and the oil was the only product. 
The preparation of (VI) was therefore carried out in chloroform solution by using the 
theoretical quantity of chlorine. Even then only a yield of about 30% was obtained, together 
with gummy and oily by-products and a small quantity of the salt, (PPr,-OH),{Pt,Cl,). This 
must be a secondary hydrolysis product derived from tri-n-propylphosphine dichloride, 
indicating that in this chlorination some of the phosphine is oxidised away from the metal atom 
Hexachlorobis(tri-m-propylphosphine)-yp'-dichlorodiplatinum (VI) is either insoluble, or 
decomposes, in all organic solvents tried, so neither its complexity nor its configuration could be 
established. To retain the octahedral configuration of groups round the platinum atoms the 
dimeric formula (PPr,PtCl,), was assumed. The existence of a halogen bridge in the molecule 
is supported by the orange colour in contrast to the yellow colours of the simple platinic 
derivatives. The érans-configuration is probable because the simple platinic derivatives were 
found to be much more labile than their platinous analogues and the halogen bridged platinous 
derivatives are so labile that only the trans-symmetrical forms have so far been isolated 





(va) 


The following four comparative studies of the above six complex compounds have been made : 

(1) Isomerisation of (IV) into (V), (1) into (11), and (II) into (1).—The co-ordinating groups in 
the cis-platinic complex (IV) show a very much greater lability than in the 
platinous complex (I). In boiling benzene isomerisation occurs rapidly, and even at room 
temperature a suspension of (IV) in benzene showed 25% isomerisation in 5 days. In boiling 
acetone 20°, isomerisation was found after 1 hour and none of the cis-isomer remained after 
15 hours. 

In contrast cis-(PPr,),PtCl, (1) was isomerised only to the extent of 55% after being held 
in a molten condition for 2} hours at 160° and 88% at 195°. The reverse change occurred in 
the same time to the extent of 6°5% at 160° and 3°5% at 195°. No isomerisation of the cis- 
isomer occurred during 15 hours’ boiling of its acetone solution. 

(2) Thermal Decomposition of cis- and trans-(PPr,),PtCl,, (IV and V).—The thermal 
decomposition of the érans-platinic complex (V) provided an example of the production of a 
cis-isomer by the thermal! decomposition of a compound of trans-configuration : 

beat at 195° 
trans-(PPr,),PtCl, _- a? 9% cis- + 14% wans-(PPr,),PtCl, + 77% black oily substances 
This transformation can be explained only on the basis of a cis-elimination of the chlorine 
atoms. Ifa trans-elimination occurred, i.¢., the removal of the starred atoms in (VII), it would 
lead at once without any rearrangement of the molecule to #ans-(PPr,),PtCl,, In this event 
the quantity of cis-material in the product could not exceed the equilibrium concentration 


(~4%) and would most probably be of the order of 4% because equilibrium is only very slowly 
established 


A cis-elimination on the other hand leaves an intermediate (VIII) in which the groups are 


not in a planar configuration, and during the subsequent rearrangement either a cis- or a frans- 
configuration could be assumed by the molecule :-— 


ci° 3 ‘ 
Po: cr P P 
Cl ci ’ cl ci 
cl (VIL. om cis- 
r ci 
[ry 
ci P 


trans- 
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It was also found that stannous chloride reduction of trans-(PPr,),PtCi, produced a mixture 
of cis- and trans-(P’Pr,),PtCl,, so it may be that a cis-climination rule is applicable to these 
platinic as the classical frans-climination rule is to the platinous ammines (Werner, 
Z. anorg. Cham., 1893, 3, 267). 

The thermal or ag ee cis-(PPr,)},PtCl, (IV) also produced a similar mixture of cis- 
and wans-(PPr,),PtCl, The decomposition occurred at 135—140°, a lower temperature than 
was possible with the érans-isomer, and the product was free from black and oily by-products. 
The decomposition occurred as follows : 


3 cis-(PPr,) PtCl, — 2/PPr,), PtCl, + [PPr,Cl),/Ptci,) 
(TX.) 


The salt (1X) was isolated as it hydrolysis product tri-n-propylhydroxyphosphonium chloro- 
— [PPryOH),{PtCl,), 21,0, also obtained by direct synthesis by the following series of 


PP ry + Cly = PPriChy; 2PPHCly + HyPtCly = (PPrC PRC) + 2HCL; 
(PPr,Cligl + 4H,O — [PPryOH',[Ptcl,) 2H. + SHC) 


This salt was also characterised as its anhydrous chloroplatinite [PPr,-OH),{PtCl,) and its 
tetrachloro-py’-dichlorodiplatinite [PPr,-OH),{ Pt,Ci,) obtained during chlorination of (ILI). 

That the decomposition of cis-(PPr,),PtCi, occurs at a lower temperature and more cleanly 
than its frens-isomer indicates that isomerisation does not occur before decomposition. 
Isomerisation does occur simultaneously, however, and 40—50°%, of the trans-platinic complex 
was isolated together with the above products. 

The isomerisation and thermal decomposition reactions are summarised in the following 
diagram : 


frans-(PPr,), PtCl, 


ets-(PPr,) Pt, —B——— eis-(PPr,),PtCl, 


(i. = Isomerisation. t.d. = Thermal decomposition.) 


(3) Reduction of the Platinic Complexes (TV), (V), and (VI) to the Corresponding Platinous 
Compounds —The simple platinic complexes showed unexpected resistance to reduction. The 
ets-isomer was rather more easily reduced than the frans-isomer and stannous chloride was the 
only satisfactory reducing agent used. A mixture of cis- and frans-(PPr,),PtCl, was produced 
in each case. The product obtained from the cis-platinic complex contained 64%, and that 
from the trens-platinic complex 15%, of the cis-platinous complex. 

By way of contrast the bridged platinic complex (V1) showed a marked tendency to revert 
to the platinous state. Even if it was allowed to remain in a sticky condition damped with 
acetone or some similar solvent the bridged platinous complex (III) would start to crystallise 
from the gum after a few days 

Under comparable conditions reduction by various reducing agents occurred as below. The 
sulphur dioxide (20% excess) and the stannous chloride reductions were carried out in aqueous 
acetone. 


Reducing agent (tVv.) (V.) (VI.) 
KI I, very slowly liberated No free I, I, liberated comparatively rapidly 
Boiling acetone 510%, Redan. (l4 hrs.) No redn. (14 brs.) 25% Redan. (4 hrs.) 
SO, (5 days) 15% Redan. <5% Reda 30% Reda. 
Sa, Redn Redn Redan. 


(4) Comparison of the Properties of the Platinous and the Platunic Bridged Complexes (III) and 
(V1).—The properties of these bridged complexes are in marked contrast. Dichlorobis(tri-n- 

propy!phosphine)-yp’-dichlorodiplatinum (III), like the corresponding palladium compounds, is 
easily soluble in organic solvents and easily recrystallised. The platinic bridged complex (VI) 
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is only sparingly soluble in all the organic solvents tried, with the exception of acetone and 
similar substances which split the bridge. It could not be recrystallised. 

The bridge in the platinic complex (VI) is very much weaker than in the platinous complex 
(II). The former is readily split by oxygen-containung solvents such as esters, alcohol, acetone, 


exposure to the air, or more rapidly in a vacuum, thus reverting to the orange bridged 


complex (VI) : 
(VL) (PPr,PtCl), + 2E,0 == 2Et,0,PPr,PtC, 

This reaction was used for the isolation and purification of (VI). A similar substance (not 
analysed) was obtained from acetone solution. It follows that all the reactions of the platinic 
bridged complex taking place in solution are really the reactions of such substances as the above 
etherate and acetonate. 

Etherates in the platinous series are unknown and the platinous bridge is not split by ether ; 
it is, however, split by the more strongly co-ordinating molecule, p-toluidine, in the same manner 
as the corresponding palladium compounds (Mann and Purdie, J., 1936, 876) : 


(PPr,, PtCl,), + 2CH,yC Hy NH, = 2PPr, CH, C.HyNH, PC, (X.) 
The platinic bridged complex gives a similar product in ether solution : 
PPr, Et,O,PtCl, + CHyC,HyNH, = PPr,. CHyC Hy NH, PtCl, + Et,O 
(X1.) 


(XI) has a so been obtained by direct chlorination of (X). 

The platinic bridge is split by concentrated hydrochloric acid, in which the compound (VI) 
dissolves in about an hour to give a yellow solution. The product or products were not 
identified. The bridged platinous complex is not affected after being in contact with the acid 
for a few days, but dissolves gradually during a few months. 

The bridged platinic complex (VI) is also a powerful catalyst for the polymerisation of 
acetaldehyde, further emphasising its electron-seeking character. Neither the bridged 
platinous complex (III) nor the simple platinic complexes (IV and V) react in this manner. The 
bridged platinic complex also acts as a catalyst in the chlorination of benzene. 

This work has raised two interesting points: (1) In the bridged series of complexes the 
platinous state has a much greater stability relative to the platinic state than it has in the simple 
complexes. (2) The bridge in the platinic bridged complex, if it exists, is so weak that it shows 
considerable resemblance to the bridge in aluminium chloride and this resemblance is extended 
to the catalytic activity of bridged platinic complexes. 

The difference in behaviour between the simple and bridged complexes towards chlorination 
receives no explanation on the basis of formula (I), (II), and (III), in which the platinum atoms 
are in exactly similar states. Neither can the difference be explained on steric grounds, because 
even if there was not room for four chlorine atoms to add to the molecule (III), two should 
readily attach themselves to one of the platinum atoms. If we consider the probable dimensions 
of the molecule it is found that there is room for all four added chlorine atoms with negligible 
overlap of the van der Waals radii. 

We must look to the detailed structure of the platinous bridge itself for an explanation of 
its stability. It appears to be stabilised in some manner, perhaps by a resonance which is not 
possible, or possible only to a lesser extent, in the platinic and the aluminium chloride bridges. 
The usual formulation, as in formula (III), of the halogen bridge is not entirely satisfactory on 
empincal grounds (Jensen and Asmussen, Z. anorg. Chem., 1044, 262, 234) and the above work 

, although it produces no support for the type of 


The comparative resistance to chlorination, shown by the bridged platinous complex, suggests 
that the resonance involves filled 4 orbitals on the metal atom, thus reducing their availability 
for raising the valency state of the metal. When the metal has been oxidised to the platinic 
state, their availability for resonance in the bridge is reduced, thus reducing the stability of the 
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are formed by metals showing square co-ordination, thus having a natural angle of 90° which 
is just that between d orbitals and would favour the formation of dative double bonds (Chatt, 
Nature, 1960, 165, 637). 


EXPERIMENTAL. 
Microanalyses . Drs. Weiler and Strauss, Oxford; ¢ by Messrs. Weisser and Ritter, Basle; 
3 by Mr Themen, LC Paints Division, , § by Mr. Brown, Butterwick Research Laboratories ; 
by Dr Chamber, British Rubber Producers Association, Welwyn Garden City 
cis and trans Bis(tri-n-propylphosphime)dichl. | (I and i); pone (lec. cit.) obtained a 
mixture of these com by reaction ‘of trim 1 — chloro- 
ane The quantity of — — frans-isomer is greater ay 20% usually less than 
je Dy dem hg ad — the c1s-isomer a 
yoaction of the pheaphine with the bridged. tinous com (ILI) (0-5 mol. 
— solution. mixture of isomers thus obtained contained 85% of the trans-isomer. 
m p of the pure isomers were cis-, 150-151"; trans-, 85-—86". Jensen records 149-—150° and 82— 
82-5", respectively. 
Dichlorobss(tri-n-propylphos phone) -jps ~dichlorods — ete ts mixture of the d: _' crude isomeric 
) y Jensen's method and finely —— 








tua(tri-w ore” inums (11- 
—— ide (5-5 g., 6% excess) was heated wi Pdadinn tod * for 15 minutes, the melt 


pasty. The product, when cold, was dissolved in hot acetone, boiled with a very little charcoal, filtered, 
and evaporated to crystallisation. Almost pure dichlorobis(tri-n-propylphosphine)-jys'-dichlorodiplatinum 
(tit), 1 it's gm. p. 180-182", ted in beautiful y “wry needles. Kecrystallised from 
acetone, it had m. p. 181-6183" (Found : C*, 25-6; H®, 5-08. Cit, 16 Ptt, 45-90%; AZ, ebullioscopic 
in 1.44% benzene solution, 837; in 272%, 8590. C,,HyCi,P,Pt, requires C, 25-4, H, 50; Cl, 166; 
Pt, 45 ; M, 853). It is readily solu ‘in cold benzene and chloroform, moderately soluble in cold 
acetone and alcohol, but insoluble in ligroin and dry ether. It is, however, soluble in wet ether. The 


same product is obtained when the above preparation is made from either the pure cis- or the pure 
frans-isomer. 


Chlorination of cis-Bis(tri-n-pr hosphine)dichloroplainum (1).—A carbon tetrachloride solution 
of chlorine (21-7 c.c.; 0423 g. of Cl,) was added to a benzene solution of (I) (00 c.c.; 3-5 g. of (I)) at 
5.6". The colourless solution became yellow, and on oo overnight fine yellow needles of cis-bis- 
irt-n-propyl phosphine tetrachioroplatimum (IV) (1-74 R.) separa separated. It was recrystallised from alcohol 
rapidly (to minimise isomerisation); m * ~127° (decomp.), resolidifying and remelting at 178 

(Pound: Ct, 328; Ht, 61%; M,e¢ 9 in 0-942% benzene solution, 555, in 1.66%, 578; 
in 0-89% acetone, 605, in 164%, 602 —*7 ,P, Pt requires C, 32-0; H, 64%; M, 657-5). The 
benzene hitrate, after evaporation of the benzene at the pump, yielded a sticky residue from which 1-0 g 
of the frans-isomer (V) was recovered by recrystallisation from acetone 


The above cts-platinic complex (IV) is most readily 1X by passing chlorine through the benzene 
solution of (1) with cooling, seeding the solution wit V), immediately filtering off the crystalline 
precipitate, and recrystalliamg it from alcohol. 


Chlorination Ce ee (II).—-When (IT) (3 ¢.) was treated 
with chlorine (0 g.) a8 above, there was immediate deepening of colour and golden-yellow crystals 
separated. The mixture was evaporated under reduced pressure and the residue, recrystallised from 
acetone, yielded 2-28 g. of pure trans-dis(irt-n- rnd” €*, few. Cy a3 Heo m. p. 174—180° 
(decomp.) depending on the rate of heating (Found ; CE, 33-1; H®, 64: Hf, 615%; M, 
—— in 105% benzene solution, 645; in 2 a t ; in i. 16% acetone 545; in 258%, 597 
Cyphl gC P,Pt requires C, 32-0; H, 64%; M, 657-5) his compound is also most readily prepared by 
reaction of excess gaseous chlorine on a benzene solution of ( Il), followed immediately by evaporation 
ander reduced pressure and treatment as above 


The solubilities of these two isomeric platinic complexes are as follows 


Ether Alcohol Acetone Benzene 
Cold i ss — i 
Hot i vs vs 
end Cold i ss vs 
° Hot i ms vs 


i = insoluble, ss — slightly soluble, ms « moderately soluble, vs = very soluble.) 


Calormation of Dichlorodis\tri-n-propylphosphine)-yu'-dichlorodiplatinum (11I).—(IIl) (5 g.) in 
chloroform (100 c.< ) was chlorinated at 0" by slow addition of 30-4 c.c. of a carbon’ tetrachloride solution 
of chlorine (0-85 g. « 2 mols.) with shaking. The solution, from which some oil had separated, was 
kept for 5 minutes, and the chloroform then removed by distillation at 18 mm. pressure. The sticky 
orange residue was repeatedly extracted by long shaking with ether until the extract was colourless and a 

mall quantity of sticky reddish-brown solid “A remained. This extraction is slow and it is best if 
the ether is not quite anhydrous 


The ethereal solution was then evaporated to papas at 16—20 mm. pressure, and the sticky yellow 
residue immediately extracted thrice with a little dry ether to remove the very soluble ~ a 
small residue of unoxidised (III) remained. The solution contained the main product, diethyl ether—tri-p- 
propylphosphinetetrachioroplatinum, Et,O,PPr, PtCl,, together with oily by-products, and the separation 
we rather difficult. Care must be taken not to decompose this etherate by excessive drying of ether 
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because the Aesachlorobis hn <a some Ba SE Ee On er ee 
again only slowly in ether and will be removed mixed with unchanged (/ 

The concentrated ethereal extract was evaporated to crystallisation at 15-20 mm. pressure. The 
ello’ i tree trom ucts on the filter and then washed with 

= Se ee a oily prod: —* = a very 


— dare eer gm 9 ent whims ty te 1 vacwo as above was pure 


hexachloro- 
—77 ee Cra 160—-151-5° (decomp.) (Found 
Cabal requires C2 217. , 43%). It ie most ensily obtained by disso! 
the cra 


freed from oil, in ether (0-5 g in 3 c.c.), then 

ia tas tanh of Gnoen ——— crystals 
effloresce even during filtration and and lose all their ether on overnight over sulphuric 
acid in a vacuum desiccator to yield pure (VI). This substance is almost uble in all except oxygen- 
containing solvents. It dissolves in ethy! acetate, acetone, and alcohol, and slowly in ether to give 
yellow solutions, presumably containing complexes of a similar nature to the etherate. This 
confirmed by taking the molecular t of (V1) ebullioscopically in acetone. It was found to be 

ximately half the formula weight [Found : MM, in 1-42% solution, 410; in 234%, 422. Cale. for 
HevHaClsPPt) : Mf, 497). 

The small quantity of sticky brown solid “ A’ (above) was extracted with chloroform to leave a 
residue of crude fri-n —— tetrachloro-pp'-dichlorodsplatimite , O a>. 
This substance is ble in acetone, alcohol, and such solvents but insoluble in non vents. 
It was purified oy oa solution in a minimum of methy! ethyl ketone, from which it could be caused to 
crystallise in fine reddish-brown needles by cautious addition of glacial acetic acid, yield 0-2 It had 
m. p. 150159" -—y ae). ), and slowly became black in contact with ordinary air but was stable # about a 
month in dry air. kened Kw f $ hour at 80° im vacuo at 10* mm. pressure (Found : Ct, 22-6; 


Ht, 46; Cit, 22-1, 22, 22-5, Ptt, 40-8, 40-7. Cyl, OCP Pt, requires C, 226. H, 46; 
Cl, 22-2; P, 65; Pt, 40-68%). 


It was further characterised wt treatment of 0-166 g. in cold aqueous solution with tetrammino- 
platinous chloride, Pt(NH,),Ci,,H,O, to form the chloride : 


(PPryOH),Pt,Cl, + 2Pt(NH,),Cl, = 2PPr,(OH)C) + 2Pt(NH,),PtCl,y 


This was too deliquescent to be isolated in so small a quantity as was obtained from the 
above reaction, but by addition of the theoretical quantity of hy hloroplatinic acid, —— to 
4 ness in a desiccator, and crystallisation of the residue —* concentrated hydrochloric the 

latinate was obtained in ;* tL ~~ shea) Teo peen alone and mixed “sub an 
— specimen (see tri⸗· pr ine hy y-salts, p. 2 The obtained 
in the above reaction was ident — (Pound Nf, 02. Cale. for HAN Pt, : N, 03%). 


Attempts to chiorinate (III) in benzene solution by using es tity of chiorine in 
carbon tetrachloride solution were partly successful but an appreciable part of chlorine was used in 
indian ths tacene bestia uct is a very active catalyst for this chlorination. 
The use of an excess of chlorine gas causes rapid li Fe Ee eae 
produced, and solid products formed by chlorination of the benzene soon start to separate. 


is in marked contrast to the chlorination of simple tertiary phosphine and arsine ——— * 
occurs cleanly in benzene solution. 


separation of the Simple Platimous and Platimic Chloride Complexes of Tri-n-propyiphosphine, (1), 
ah. ¢ V), and (V).—In the following experiments it was necessary to separate mixtures of two or more 
the 


above substances. This was easily accomplished by extraction with organic solvents according to 
the scheme below. 


Solid mixture of (1), (11), (IV), and (V). Extract by shaking with cold benzene for one hour. 


Residue. Piltrate contains (1), (11), and Evaporate to dryness at room ture under 
“AV) reduced rane «Be howd 3 dry solids with as little cold ao i judged 
necessary vito disewive (1) and .“ 
Residue. Piltrate contains (1) and (II). Evaporate to dryness as above and extract 
(Vv) with Et,O. 
Residue. Filtvate contains (11). 
(1) Recover by evaporation. 
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If the original mixture of (1). (11). (LV), aad (V) is 
separation is not so clean as is indicated above. occurs 
with methy/ alcohol, which extracts some of (V) together with (1) and (II), so repeated extraction of later 


residues becomes necessary 
an8 the piatinesn Deidged compiles (I1]), whenever 
m. p. with authentic specimens 


⏑— — —({a) In oot ben benzene. 
— Se 


was 17°. 


éts- aoa yd derivative (lv) (214 
removed for analysis according to 


were also analysed. From the former, 0-86 g. of cts- and O-21 g _ of frans-isomer were recovered. In the 
second case no cts-isomer remained (cf. sodigetien by content. 


Isomerisation of cis- and —— — — — (I) and i rh 
Isomertiation in a molien 
195° for 2] hours. Isomerisation occurred as follows - 





tinous isomer were kept at about 160° 





Starting material * Isomerisation. %,. 
1-0 g., ets- . . 55 
1-06 g., trans- : 67 
O31 g., cts- . 87 
0-7 g., rens- . 35 


These approximate es show that the equilibriam moves towards the side of trans-(PPr,),PtCi 
higher temperatures, © heat must be evolved in the change from irans- to cis-. Itis itkeded to 
investigate this and similar equilibria further. 


(b) 4 isomerisation in boiling acetone, When of the css-platinous isomer in 15 c.c. of 
acetone was for 15 hours, no isomerisation pom and 0-05 g. of unchanged material was 
recovered. 

Thermal Decomposition of the trans-Platimic C (V).—{V) (1 g.) was heated to 190° for 
15 minutes. The temperature was then raised to 200° for 2 minutes to the melt, and the product, 
4 sticky brown oil, yi Specs og afta ye thenry? eee phar of cis-(PPr,),PtCi, on addition 
of a littie alcohol and ke overnight. Ina repeat experiment the first extracted with benzene 
but no residue of (PPrC)) ¢ remained (cf. next experiment). 


Thermal Decomposition of the cis-Platinic Complex (1V).—(IV) (1-54 g.) was k at 135--140° for 
10 minutes, then cooled, and the product extracted with benzene. A residue of buff-coloured solid 
B remained. Analysis of the benzene solution according to the scheme on p. 2307 yielded the trans- 
tinic complex (V) (0-67 g.), the ets-platinous complex (1) (0-13 g.), and the t#rans- aa 
Il) (0-23 ¢.). The substance “ B " is a salt, very soluble in water and alcohol. It was recrys 
thrice from very little concentrated hydrochloric acid with final cooling in ice-water. The solubility of 
the salt increases so rapidly in the range 0—20° that it is essential to keep the solution cold and filter it 
through a well-cool funnel. In this way pure tri-s-propylhydrox hine chloroplatinate 
(PPr,OH),[PtCl,),2H,O was obtained in well-formed efflorescent orange les. It had m. p. 84-—85* 
alone and mixed with the synthetic specimen (see below). This material was also converted into the 
platinite, m. p. 100—102° (decomp.) alone and mixed with a synthetic specimen (see below) 


Tri-a-propylhydroxyphosphonium Salts.—Direct synthesis. Chiorine (1:13 g.) in glacial acetic acid 
(43-7 ¢.c.) was run inte a solution of tri —— a (2-5 g.) im glacial acetic acid (15 c.c.) with 
ice-cooling. To this solution was immediately added H,PtCl,,405H,O (3-77 g.) in the acid (10 c.c.) 
A red oi! separated and was caused to crystallise by seeding with the chioroplatinate “ B "' from the above 

tion. It was twice recrystallised as above from concentrated hydrochloric acid, and the crystals 
were air-dried for 44 hours. Crystals which had not effloresced were analysed. /ri-n- — 
pPhosphomum chloroplatinate thas obtained had m. p. 240 (Found: C*, 27- H*, 6-06. 
Cy gH,,0,C1,P, Pt requires C, 27-1; H, 606%) 

The chloroplatinite was prepared as follows. Potassiam chloroplatinite (0-39 g.) in water (2 c.c.) 
was mixed with a cold solution of the hydroxy-chioroplatinate (0-75 g., 1 mol.) in water (8 c.c.) and the 
precipitated potassium chloroplatinate removed. The aqueous filtrate was evaporated to dryness in a 
vacuum desiccator over sulphuric acid, and the residue extracted with alcohol, leaving a small residue 
of re chioroplatinate. The alcoholic extract was evaporated to dryness at 15 mm. pressure, 
and the residue, thrice recrystallised — acetone, yielded pure tri-n-propyihydroxyphosphonium chloro- 
platinite, m. p. 101—102° (decomp.) dient on the rate of heating (Found: C§, 31-1; H§, 6-35; 
ON, 5-05. C,H O,CLP,Pt requires é 13; H, 64; O, 46%) 

Reduction of tha Platonic Complexes (1V, V, VI).—-(a) With potassium iodide. 5—10 Mg. of each solid 
were ground with 2—3c.c. of potassium idide solution containing starch. A faint violet colour developed 
with the cis-isomer (IV) after 5—10 minutes. No change at all occurred with the trans-isomer. A 
violet colour developed immediately with the bridged complex (VI), becoming almost black after 
10 minutes. A drop of thiosulphate solution decolourised the solution from both (IV) and (Vi). 

(b) With boiling acetone, The cis-platinic complex (IV) (1-07 g.) in 25 c.c. of acetone was boiled under 
reflux for 14 hours, then concentrated to about Sc.c.; 0-41 g. of #ans-(PPr,),PtCl, crystallised out and 
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wo ee a ae an SoS 
residue contained more of both the by-products 
being ignored, 90 — and 50% andostion 00 the hanpgieinale anaghenatameioens Oe 
course of this reaction. 


The vy) @6 treated; 2-32 terial 
recovered ann thet detected in i kecual a —— ** 


Pei meme (5 CS 00. simular) See ae of acetone, aches athe 
——— hours it was evaporated to yield a pasty oil from whic pure bridged 
pla tinous : complex (I) was obtained by washing away the ol with avery lite ttle acetone. 


(c) With sulphur diorid eis-platinic complex (IV) (0-9 in 110 cc, of 
acetone and 30 c.c. of water waa ented with 0108 gl fl supbur dioxide 20% exceas in 10. c. of acetone 
and kept for 4} days. The acetone and excess © dioxide were removed at 15 mm. re, 
ae ek cad Bal och, commented dame Ponies aeiien seas ena The yellow 
aqueous solution gave a slight test for — = and ——— acid sulphito-platinum complexes which 
were not investigated. The water-insolu to the above scheme and 
contained 0-08 g. of unchanged cis-platinic complex, by Fy, of trens-platinic complex, 0-13 g. of cis- 
platanous oon: and 0-03 g. of trans-platinous complex. 


The trans- (0-73 g.) in 60 c.c. of acetone and 4 ¢.c. of water was similarly treated with 
0-085 g. of ealph in 15 c.c. of acetone, 0-63 G. of water-insoluble material, from which were 
obtained 0-55 g. of pure AT trans-platinic complex and 0-02 g. of trans-platinous complex, but no 
eis-isomers, was recovered aqueous solution from this experiment was not coloured and gave 
only the faintest test for sulphate. 


The bridged platinic complex (VI) (0-5 g.) —3 25 cc —_ A yA. a and water was treated with 
0-075 g. of sulphur dioxide in 10 c.c. of acetone and kept f Evaporation of the solution as 
31 g. of water-insoluble material. The ieee tien gave a good test for sul 


phate 
tinous —** c (1) * extraction 
o dryness ue from the extract was 
dissolved in ether and 0-02 g. ‘of p-toluidine added. This caused See che coe cam 
tetrachloroplatinum to separate, m. p. 144—-145° (decomp.), that the ble part 
of the 0-31 g. of solid was largely unreduced starting material. 


(d) With stannous chloride. Hydrated stannous chloride (0-53 g.) in water and acetone (5 c.c. each) 
containing one drop of concentrated hydrochloric acid was gradually added at room tem; ture to 
a solution of 1-5 g. of cis-platinic 2* (IV) in 20 c.c. of acetone and 3 c.c. of water. 
became paler, with a transient orange coloration, as each addition was made, The solution was now 
warmed to 40-——50° for 10 minutes and then kept at room temperature for } hour. 
removed at 15 mm re, and the remaining aqueous suspension filtered. The solid (1-11 g.) thus 
obtained yielded 0-72 g. of cis- and 0-39 g. of trans- — — and 11). 


When the trans-platinic complex (V) (1-5g.) in 115c.c. of acetone (it is less soluble than the cis-isomer) 
was similarly treated with an identica! solution of stannous chloride, the solution became paler and after 
addition of a little water it was worked up asabove. 1-32 G. of solid were recovered which, by analysis 
as above, contained 0-32 g. of unchanged trans-platinic complex, 0-13 g. of cis-, and 0-74 g. of trams- 
platinous complexes (I and II). 


The platinic bridged complex (VI) (0-3 g.) in 4 ¢.c. of acetone and 0-6 c.c. of water, similarly treated, 

—— at once when the addition of stannous chloride was made. The colour faded slowly at room 

rature but r idly and completely on warming. Worked up as above, 0-26 g. of water-insoluble 

oli was reco . This was separated by recrystallisation from ethyl acetate into 0-13 g. of pure 
bridged platinous complex (III) and a sticky intractable residue 


Reaction of p-Tolusdine with the Platinous Bridged Complex (111).—p-Toluidine (0-27 g., 1-05 mols.) 

im benzene (3 c.c.) was added to a omnes of (ILI) (1 ¢.) ie , A oak The colour 
changed immediately from orange to yellow. The solution was evaporated to ness at 15 mm am. 
and the residual yellow oil oe g.) crystallised at once on addition of ether. Careful fractionation 
of the product from methy! alcohol showed that only one isomer was presumably of 
trans-configuration (compare the reaction of PPr, with (IIT) ~~ 4 hh me olwidime—tri- si propa 
phosphinedichloroplatinum (X) is thus obtained in lemon- — ow a ee o 

Ch 36-1; HE S-7%; M, ear in benzene, in 1:36% —— 470; 470; ‘a? i C,H, NC PPt 
requires C, ; H, 57% 

Reaction of p-Tolwidine with the Etherate from the Platimuc Bridged Comey (SE (V1).—Diethy! ether · tri· 
«-propylphosphinetetrachloroplatinum (0-9 g.) in ether (9 c.c.) was treated with p-toluidine (0-16 g.) 
in ether (4 c.c.). Golden-yellow crystals on pine RO gga Ber Mo. 24 hours were 
filtered off. One rec te from alcohol gave 0-51 g. of pure p-tolwidine—tn phine- 

oe (XI), m 147—-151° (decomp.) (Pound: Ct, 35: Ht, &1. xt 24; Cit, 23-4; 
cbalioacapic va bensene n 1-48 ager 569. in 196% solution, 640. in 123%, 

Rabe ore C,H, NCi,PPt requires C, H,560; N,23; C1. 23-4; Pt, 322%; M, 604). 

Because of the lability — J 


CAMAæimatiou o (X).—( (1-42 in benzene 
—— —— with chlorine (0- in carbon Steen) wih noceatinn 
and he solution 


kept for 40 minutes. lane Geapusttabaedipuaapanien Sb cham pressure, leaving 
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a residue of 1-66 g. wad wom bes utrreseapeneinans Gites see eae, it yrelded pure 
p- tol propy t (@-76 g.), m. p. 147—I1651" (decomp.) alone and 
Cauad With an eatiea eptalman. 





The author sincerely thanks Dr. KR. S. Nyholm and Dr. D. P. Craig for valuable discussion 
and Mr. FP. A. Hart for experimental assistance. 


Iuvestiat Cummicat Inpusracms Limiren, 
Borrerwick Ressarcn Lasoratoriss, 
Tus Pevrex, Weewvs, Heers. (Received, April 20th, 1960.) 


472. A Study of Diazo-compounds by Use of Nitrogen Isotopes. 
Part I. The Structure of the Diazonium Ion. 
By P. F. Hour and (Miss) B. I. Buttock. 


The non-equivaience of and absence of interchange between the nitrogen atoms of a 
diasoniam ion been demonstrated by diasvtising isotopically labelled aniline, coupling the 
diazonium salt, and regenerating the aniline by reduction of the azo-compound. 


Tx diazonium ion is considered to have a structure similar to that of the ammonium ion but 
with an atom of nitrogen replacing three hydrogen atoms, a structure requiring the non- 
equivalence of the two nitrogen atoms. This non-equivalence has been demonstrated 
experimentally as a preliminary stage in the study of diazo-compounds in which one nitrogen 
atom is isotopically labelled 

A diazonium salt prepared from “N-labelled aniline and unlabelled sodium nitrite, was 
coupled with 2-naphthol. The amine hydrochlorides formed when the resulting azo-compound 
was reduced were separated, and a sample of nitrogen from each was prepared and analysed in 
the mass spectrograph. The complete synthesis was thrice repeated. In two of these later 





‘1 
(preliminary 
run). 


Expt. 
Time between diazotisation and coupling (hrs)... ; 0 
Aniline hydrochloride ; “N atom-%, excess ous 31-33 
1-Amino-2-naphthol hydrochloride : *N atom-% excess ... 1-628 
Atom-% “N in phthalimide: Found, 32-36 


experiments the diazonium salt was stored for several hours at 0° before coupling so that any 
slow interchange between the nitrogen atoms might become apparent. The analyses (see Table) 
suggest that the reactions proceed according to the scheme shown and that interchange is 
absent or immeasurable 


NaNO,-HCI 2 Naphthol Sac, 
Pa“NH, ————> — PONIN-C,H,OH > 


Ph“ NH, + NHyC,,HyOH(2: 1 


Labelled aniline has been previously synthesised by Allen and Wilson (J. Amer. Chem. Soc., 
1943, 65, 611) and by Fones and White (Arch. Biochem., 1949, 20, 118) from ammonia. The 
yield from phthalimide (92%) is similar to that obtained by Fones and White from ammonia, 
and the route described may be preferable because of its simplicity 


EXPERIMENTAL. 


Labelled Anthramilic Acid.—Potassium phthalimide (100 g ; “N atom-% excess nominally 33), 
followed immediately by sodium hydroxide (1-07 g. in 3-3 ml. of water), was added to cold hypobromite 
solution (0-4 mi. of bromine added to 1-2 g. of sodium hydroxide in 5 mi. of water at 0°). solution 
was heated for 2 minutes at 80°, cooled in ice, and neutralised by dropwise addition of hydrochloric acid 
(approx. 25 mi.). The anthranilic acid was precipitated by | mi. of glacial acetic acid, filtered off 
(Giiter-stick), washed with water, and vacuum-dried. It was not purified. 


Labelled Auwtimme.~—The anthranilic acid was transferred to a bulb-to-bulb distillation unit and kept 
at 210° in an electrically heated block. Aniline distilled into the cool bulb (yield, 0-46 g_) 


Labeiled \-Benzeneazo-2-naphthol —The aniline was dissolved in 2 ml. of diluted hydrochloric acid 
fl: 1) and 40% sodium nitrite solution was added dropwise until free nitrous acid was detected. The 
solution was added to 0-6 g. of 2-naphthol in 3 ml. of 10% sodium hydroxide, and the precipitated 
aro-compound was filtered off, washed with water, and vacuum-dried (0-83 g_. crude) 
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under reflux tor 0 minutes 





ee ee &.). m. p- ———  Mitegee onan v atupie for nak 
yo “ Preparation and 


———— Michigan, 1048, p. 31) 


Discussion. 


The synthesis of labelled compounds must necessarily be carried out on small quantities, and 
the final yields in the present series were small. From the reduction mixture of amines, separ- 
ation of pure aniline is readily accomplished by steam-distillation, but complete purification 
of the amino-naphthol is impracticable on the small quantities involved. The valves for the 
isotope ratios in the regenerated aniline were consistent; those for the aminonaphthol were less 
so, owing, presumably, to contamination of the aminonaphthol with aniline. The results in the 
table show that the nitrogen in the regenerated aniline had a similar isotope ratio to that of the 
starting material. This confirms the non-equivalence of the nitrogen atoms in the diazonium 
group, demonstrates the absence of interchange between them, and proves that the diazonium 
group is attached to the phenyl! group throughout the synthesis. 


Wivese nOnd to On item Reuters Sar Atomic Energy Research Establishment, Harwell, 
whe cenged as Sagan Saegan, Se 6 the Department of Scientific and Industrial Research for a 
grant to one of us (B. I. B.). 


Tue Unversity, Reapine. (Received, June Ind, 1950.) 


473. Substituted Anthracene Derivatives. Part II. An Example 
of 1: 5-Anionotropic Rearrangement. 
By G. M. Bapcer and R. S. Pearce. 


The acid-catalysed dehydration of 9: 10-dihydroxy-9 : 10-dimethy!-9 : 10-dihydro-1 : 2- 
benzanthracene (I), in the presence of an alcohol, has has been shown to give 9-methy!-i0-alkoxy- 
methyl-1 : 2-benzanthracene (VI). The formation of this substance involves a 1; 5- 


anionotropic rearrangement of the initial product of dehydration (V), and alkylation with the 
alcohol used as solvent. 


Wuew a solution of 9: 10-dihydroxy-9 : 10-dimethyl-9 : 10-dihydro-1 : 2-benzanthracene (I) 
in warm methanol was treated with a little sulphuric acid, a mixture of the expected methy! 
ether and a dehydration product was obtained (Badger, Goulden, and Warren, J., 1941, 18) 
A similar product of dehydration was obtained — treatment of 9: 10-dihydroxy-9 : 10- 
dimethyl-9 : 10-dihydro-1 : 2 ; 5 : 6-dib thracene (II) with boiling alcoholic picric acid. 
The dehydration products were tentatively assigned the structures of endocyclic monoxides 
(III and IV), by analogy with that proposed by Enderlin (Compt. rend., 1936, 202, 669, 1188) 
for the product of thermal dehydration of 6: 12-dihydroxy-6 : 12-diphenyl-5 : 11-di-p-bromo- 


Me OH # Me OH #* 
‘~ “Qe i 
(Y \/4 \ ON /~/ J ‘4 f ‘ie 
AAs A hy ~& ALA 4 x P ⸗ 
fe Be * 4 ; 
HO Me Jf HO Me \f 
I) (IL.) (IIL) (Iv) 


phenyl-6 : 12-dibydronaphthacene. Structures involving transannular monoxide bridges have 
also been proposed for the compound obtained by reduction of rubrene photo-oxide with zinc 
and acetic acid, for the isomerisation product of the same photo-oxide (Bergmann and Mclean, 
Chemical Reviews, 1941, 28, 367), and for the dehydration product of 9 : 10-dihydroxy-® : 10- 
dimethyl-9 : 10-dihydroanthracene (Guyot and Staehling, Bull. Soc. chim., 1905, 83, 1144). 





dihydro-aromatic 
the normal valency angles for both oxygen and carbon. 











Badger and Pearce : 


The study of the stractures of these supposed endomonoxides has now been undertaken, and 
the present papes records the results of an investigation into the nature of the product obtained 
by warm methanol and sulphuric acid. 


hot consistent with its being a dihydrobenzanthracene derivative. Even 
Bee ogg and its solutions show a strong blue fluorescence. 


addition of osmium tetroxide, which was intermediate between those for | : 2-benzanthracene 
and 9 ; 10-dimethyl-1 ; 2-benzanthracene (cf. Badger, /., 1949, 456). 

The endocyclic monoxide structure III) was finally rejected when it was found that the 
product obtained by dehydration of the diol (I) in ethanol is similar to, but not identical with, 
that obtained in methanol. It has now been established that debydration of the diol (I) in 
methanol gives 9-methyl-10-methoxymethyl-1 : 2-benzanthracene (VI; R = Me), and that 
dehydration in ethanol gives the 10-ethoxymethy! analogue (VI; K =— Et). These 
can only be formed if the initial dehydration product (V; R = H) or its alkyl ether (V; R = Me 
or Et) suffers | ; 5-anionotropic rearrangement 

The structure of the product (VI; K « Me) has been confirmed by direct comparison with a 
specimen obtained by iodomethylation of 9methy!-1 : 2-benzanthracene, followed by treatment 
with sodium methoxide (Sandin and Fieser, J]. Amer. Chem. Soc. 1940, 62, 3098). Similarly, 


Me OR g 
i | Me | 


I 


—* 


CH,yOR é CHyOEt 


(vi (VIL) 


dehydration of the diol (1) with boiling ethanolic picric acid gave 9-methyl-10-ethoxymethyl- 
1 ; 2-benzanthracene (as the picrate) identical with a specimen prepared as above but with 
sodium ethoxide. The ultra-violet ey ~ wal spectrum of this compound resembled 
that of 9: 10-dimethy!-1 : 2-benzanthracene (Fig. 1 

There can be no doubt that 9: 10-dihydroxy-9 : 10-dimethyl-9 : 10-dihydro-1 : 2: 5: 6- 
dibenzanthracene (I1) also suffers dehydration and rearrangement with alkylation when heated 
with alcoholic picric acid (Badger, Goulden, and Warren, loc. cit.). The compound previously 

9; 10-dimethy!-9 : 10-dihydro-1 : 2: 5 : 6-dibenzanthracene 9 : 10-oxide (IV) must 
therefore be 9-methyl-10-ethoxymethyl-1 : 2: 5: 6-dibenzanthracene (VII), and the ultra-violet 
absorption spectrum is consistent with this conclusion (Fig. 2). 

1 : 6-Anionotropic shifts are by no means unknown in the anthracene series. For example, 
Julian, Cole, Diemer, and Schafer (ibid., 1949, 71, 2058) found that 9-hydroxy-10-benzylidene- 
9 ; 10-dihydroanthracene is readily rearranged to 9-a-hydroxybenzylanthracene by brief boiling 
in acetone solution with a little sulphuric acid. Similarly, 9-hydroxy-9-pheny]-10-benzylidene- 


IMg Me 
. ? Me 
\f \Y 
A 7 
A f H, 
IMe-O Me CH, 
(VIL) (Ix (X.) 


®: 10-dihydroanthracere is isomerised to &pheny!-10-a-hydroxybenzylanthracene (Julian and 
Cole, ibid., 1935, 57, 1609, who give references to earlier work by Barnett and Cook). It is also 
noteworthy that Sandin and Fieser (loc. cit.) have prepared 9-methy!-10-iodomethyl-1 : 2- 
benzanthracene (X) by addition of hydrogen iodide to the magnesium complex (VIII) from 
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1: 2-benzanthraquinone and methylmagnesium iodide. The intermediate (IX) evidently 
undergoes anionotropic rearrangement to give the iodomethy! compound (X). 


Absorption spectra. 
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(4-97); (8280, 
(3-98) 3765 a. (3-88 


 2-bemsanthvacens ( 
m. Soc., 1945, 67, — 


EXPERIMENTAL. 


9 : 10-Dihydroxy-9 : ‘eat 
(ef. Davies and . J., Wil, 296 
ond Chemerda 


40 minutes, the reflux was maintained fora further bout by gente b 
into an ice-cold saturated solut of he layer 

deposited the diol (3-0 g.) when kept in the refrigerator overnight, anda further quantity (10 g.) was 
obtained by evaporation 

9- Methyl- 10-methoxymethyl-1 2-bensanthracene.—(i) The formation of this compound, as a by- 
product in the tion of 9: 10-dimethoxy-® : 10-dimethy!-9 : 10-dihydro-1 : hy rye 
a — — ny ee ); The published 10-dib 1: 2-benzanthracene 6 a 
by ger, Goulden, and Warren ( cu et 
the structure now established (Found ae 63. Calc. for rom OAC Cc, A 63%). 


(ii) A solution of 9: 10-dihydroxy-0 : J— -9 : 10-dihydro-] : 2-benzanthracene (2 g.) in 
boiling methanol (40 c.c.) was treated with concentrated hydrochloric acid (8c.c.), After 3 minutes, the 
solution was poured into water, and the product collected. 9-Methyl-10-methoxymethyl-1 : 2- — 
anthracene crystallised from alcohol in pale yellow blades, m. p. 190-121", alone alone or mixed with 
specimen prepared by the first method 





(tii) The picrate of 9-methyl-10-methoxymethyl-1 : 2-benzanthracene was prepared from the diol b 7 
2 hours’ boiling with methanol and excess of acid. It formed small red needles, m p. 108-—109°, 
after ——— isation from benzene (Found: C, 63-2; H, 3-9. :H,,0,C,H,0,N, pequives C, 62-0; 
H, 41%) +o of the picrate in the usual way gave me ylmethoxymethylbenzanthracene, 
m.p.l in or mixed with a specimen prepared by ——— 


(iv) v· Methyl· — LI 2-benzanthracene was yi. Eoemeantnrace ——. i1:2- 
thracene gt 














rindic acid, followed by treatment of the resulting 

and Fieser, loc. oit.). 
1: 2-benzanthracene Photo-oxide.—A solution of the above methy!- 
eae ree se elt Sn pe beaker for 3 days. 
ey gay! —— *— (charcoal) gave 
m 47—149 (Found: C, 79-0; H,505. C,,H,,O, requires 


9 : 1')-dimethyI-9 : 10- 


(1 1.) was boiled under 
This diaseeinted G0 come 
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and Fieser (lec. est.). 


We are grateful to the Director of Chemistry, South Australian Government Department of Chemistry 
Ss. D Shield, Esq), for for permission to use the Beckman spectrophotometer, and to Mr. R. T. Howard for 
the ete = 4 This work has been supported by a maintenance grant (to KR. 5. P.) from the 
Commonwealth Kesearch Fund. 


Jounsow Cummicat Lasoratonies, University oF ADELAIDE. [Received, April 10th, 1950.) 





474. Substituted Anthracene Derivatives. Part III. Further 
Examples of 1: 5-Anionotropic Rearrangements. 
By G. M. Bapoxr and R. S. Pearce. 


Whea See Ne ti tg? oy npn weg od nav & 10-dib mrt al 10- 
dimethy!-@ | 10-dibydroanthracene ( verted into 9-methyl-10-alkox 


a) — Sees 5-anionotropic rearrangement of the initial py yy 
alcohol. The structure of the product (IV; 
pow A with a specimen another method. 
Similar treatment of een KY 10-dibenzy!-0 : 10-dihydroanthracene (XIV) gave 
9-benzy!l-10-4-ethoxy 
10-benzylanthracene (XVII). 


V), which has also been prepared from 9-formyl- 


Ir has long been known that 9: 10-dihydroxy-9 : 10-dialkylanthracenes (1) are particularly 
susceptible to dehydration, for by-products formed im this way have often been encountered 
after reaction of alkylmagnesium halides with anthraquinone. According to Guyot and 
Stachling (Bull. Soc. chim., 1905, 83, 1144) dehydration takes place in the presence of excess 
of the Grignard reagent, but this result was not, apparently, observed by Bachmann and 
Chemerda (J. Org. Chem., 1030, 4, 585), and it has not been confirmed in the present work. 
Dehydration is most easily effected by acids; to avoid it, the Grignard complexes must be 
decomposed with ammonium chloride. The structures of the dehydration products have 
never been established. Guyot and Staehling (lec. cit.) found that, when 9: 10-dihydroxy- 
0 : 10-dimethyl-09 : 10-dihydroanthracene (Ia) is boiled with acetic acid, a bright yellow, 
sparingly soluble substance corresponding to a mono-dehydration product is formed. The 
structures (11) and (111) were suggested, but neither is in accord with the properties of this 
compound 


HO CH,R Me OH Me 
#™ . * J * * oy \ 
COU J) ODO 
4™ i le 
HO CH,R CH, 
(la, R « H; 16, R = Me.) Il.) IIL.) 

Guyot and Staehling also isolated a product, C,,H,,O, after treatment of the diol (Ia) with 
acetic acid containing mineral acid. Clarke and Carleton (/. Amer. Chem. Soc., 1911, 38, 
1966) obtained two supposedly bimolecular compounds by dehydration of the diol (Id). 
Little systematic work has been published on the dehydration of diols of type (I). As a 
preliminary step, we therefore examined the nature of the products obtained by acid-catalysed 
dehydration in an alcohol as solvent, concurrently with the study (preceding paper) of the 
structure of the product obtained by similar treatment of dimethylbenzanthraquinol. 

It has now been established that when a boiling alcoholic solution of the diol (Ia) is treated 
with acid, the dehydration is accompanied by 1 : 5-anionotropic rearrangement and alkylation 
with the alcohol used as solvent. With a little hydrochloric acid in boiling methanol the diol 
(Ia) gave 9-methy!l-10-methoxymethylanthracene (IV; R =< Me) in good yield. In ethanol 9- 
methy!-10-ethoxymethylanthracene (IV; RK = Et) was obtained, and in »-propanol 9-methyl-10- 
#-propoxymethylanthracene (IV; R — Pr*). Mineral acid is not essential for this conversion, 
as picric acid is effective, giving rise to the corresponding picrates 
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is of interest. It is possible that the initial step 


converted into @-methyl-10- 
acid. ahem ee ice naga n th a re Nd a Pe 2 
Me 
IS % NaOR 
LA) SF 
Z + hd Ma 
CHyOR 
avy * 


en 


Me 
— ¥ 5 
AA 
Me 
cH Me ‘O-Mgl 
(VIL) (VILL) (IX,) 


rearrangement. In any case, elimination of water or alcohol would be expected to give the 
intermediate compound (X; R = H or alkyl). Further elimination of an hydroxy! or alkoxyl 
radical, under the influence of the acid, would give rise to the mesomeric ion (XI). As pointed 


Me Me 
fe — OR le | Me 
XS A / . 


* 


\ J Ww 
4 =o ¥ oe YX a ) [ 
‘ ⸗ * WN 
CH CH, H, 


‘ 


“H,OR 
(x Xi⸗ xu (X11) 


out by mi * c The Electronic Theory of Organic Chemistry,” 1949, p. 88) when discussing 

1 t in the polyene series, the alkoxy] radical would tend to recombine 
with the —— carbon atom of the mesomeric ion, so that the fully aromatic structure (XII) 
is formed. 

It was pointed out by Badger and Pearce (loc. cit.) that the preparation of 9-methyl-10- 
iodomethyl-1 : 2-benzanthracene by the action of hydrogen iodide on the magnesium complex 
from 1: 2-benzanthraquinone and methylmagnesium iodide (Sandin and Fieser, /. Amer. 
Chem. Soc., 1940, 62, 3098) also provides an example of a similar rearrangement under the 
influence of an acid. The corresponding rearrangement has now been carried out in the 
anthracene series. Addition of hydrogen iodide to the complex from anthraquinone and 
methylmagnesium iodide gave 9-methyl-10-iod thylanthracene (VIII), which was, however, 
too unstable to permit purification. The structure of (VIII) was established by its reduction 
to 9: 10-dimethylanthracene, and as treatment with sodium methoxide gave the substance 
(IV; R = Me) the structure of this too is established. 

To confirm its structure (IV; R = Me) was also prepared from $-methylanthracene (V1) 
by conversion with paraformaldehyde and hydrogen chloride in glacial acetic acid (cf. Badger 
and Cook, ]., 1939, 802) into 9-methy]l-10-chloromethylanthracene (V), which was then treated 
with sodium methoxide. 9-Methyl-10-chloromethylanthracene was also obtained from (IV; 
R = Me) by dry hydrogen chloride in benzene. 

The readiness with which diols of type (I) undergo the dehydration and rearrangement 
perm eg Ae ermal pa ee Bie mt HE With boiling alcoholic picric 

(XIV) gave only 9: 10-diethoxy- 
boiling with ethanol and mineral 


(XV). 

a series of reactions 
to those used by Julian, Cole, Diemer, and Schafer (J. Amer. Chem. Soc., 1949, 71, 20568) was 
carried out. %-Benzylanthracene was converted by Fieser's formanilide method (Org. Synth., 

















2316 Badger and Pearce : 


1940, 20, 11) into 9-formyl-10-benzylanthracene (XVII) and thence by a 
bromide into 9-benzyl-10-a-hydroxybenzylanthracene (XVIII). With ethanol and 
of sulphuric acid, this gave 9-benzyl-10-a-ethoxybenzylanthracene (XV). 


CH,Ph 


EO “CH,Ph HO ‘CH,Ph Ph-CH-ORt 
xn (xIV.) (xv.) 


el men 


GHP CH,Ph CH,Ph 


bo Ph-CH-OH 
(XV1L) (XVIL) (XVIILL) 


The structures of several of our compounds have been confirmed by their ultra-violet 
absorption spectra (Figs. 1 and 2). 9-Methyl-10-ethoxymethyl- and 9-benzyl-10-«-ethoxy- 


Fie. 1. Fis, 2. 
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Wave-length,A Wave - length. A 

Fis. lJ, 9 “2 oe ogo ge eo (im alcohol). Max. (and log ¢) at 2520 (4-93), 2590 
(5-24), (3200, 2-69), (3250, 3-08), 3300 (3-48), 3550 (3-80), 3740 (4-01), (3870, 3-71), and 3050 (3-98). 
11, 9: 10-Dimethylanthracene (after Jones, }. Amer Chem. Soc., 1945, 67, 2127). J11, 9-Methyl-10- 
sthorymeth yianthracene Photo-orsde (om alcohol) 

Fic. 2..—J, 0 Benzyl-10-a-cthorybenrylanthracene (in alcohol). Max. and log ¢ at (2550, 4 90), 2610 (5-20), 
3110, 2-74), (3250, 3-18), 3400 (3-56), 3570 (3-90), 3760 (4-16), and 3980 (416). [/, 9: 10-Dietho 

10.dibencyl-9 - 10-dihydroanthracene (in alcohol), Max. and log ¢ at (2490, 2-49), 2540 (2-74), 2 
(2-86), 2655 (2-84), and 2750 (2-57). 


benzylanthracene and the carbinol (XVIII) show typical anthracene spectra, very similar to 
that of 9: 10-dimethylanthracene. On the other hand, the photo-oxide of 9-methy!-10-ethoxy- 
methylanthracene and 9: 10-diethoxy-9 : 10-dibenzy!-9 : 10-dihydroanthracene, show spectra 
of dibydroanthracene type as expected 


EXPERIMENTAL. 


4 ee y-9 - 10-dimethyl-9 | 10-dihydroanthracene.—To obtain this diol it 
prepare the —— complex in the e of anthraquinone, rather than 
to the preformed alkyimagnesium ide (cf. Guyot and S Bull. 
Sechensen ond Chomenta, J. Org. Chem., 1939, 4, 583; Davies and 
peg uinone (10 g.), um (5 g.), methy! iodide (15 ¢.c.), benzene ( 
belied under refun on ¢ steam bath for 2 hours. The reaction 
— the mixture — — with ice and ammonium chloride. 
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and a further obtained of the ether—benzene 2 
Spetacd fod — —— 


10-methorymethylanthracene.—A solution of the above diol (1 g.) and acid .) in 
gt ply ey SHY i. 2B ——— fe ton 


— — Sa ox 
= ad'e g.) in — +3, 3, 


from ethanol the 
tH 43. Catt sO.ceHO,N, 


formed pale blades, m p. 106— 
— C, 904: , 3%). be Fay ne | 


= nh 
uct to 
silky needles, 9 — — 25 alcohol (Found : — ree H, @7. 
C,H, ,0, requires C, 166. 


Mee pom tte 0-proper ._—Sumilarly 
= or * m. p. 101—1 


— re requires C, 86-3 3 H, 7-6%). — a formed reddish- 
an amorphous powder When heated rapidly, it 
4 120° (Found: C, 61-1; —— 45. —— — — — H, 47%). 
— 10-sodometh ylanthyacene was ray ed of 0 g.). ap yey 4 «). —* 
pny ange ee eg ee 00 c.c. under reflux on steam 
2 After cooling, Se peel tess — — of hydriodic acid (120 c.c.) 
added, avy bd WL uct 





treated with sodium methoxide (from 2 ¢. of ene 3s Ganees — 


aringhyoluble material 
pic rate 


; The insoluble by-product 


® : 10-Dimethylanthracene.—{i) A solution of the above iodomethyl compound (6 i 
(300 c.c.) and concentrated hydrochloric acid Bt eS eee a 
(250 c.c.) and concentrated hydrochloric acid (150 c.c.). The mixture was boiled for 5 minw 
set aside for | hour } added. Next the 
' sparingly soluble by 
tihane eg oh ee med very smal olou 
: €, 937; H, Copllgg requires C, ar, 


crystallised from BALA he a a. m. i 
specimen prepared by the method yt eit.). 

(ii) A mixture of 9-methyl- repre Ne 5 g.), acetic acid (8 c.c.) and hydriodic 
— Se ee After cooling, the re was diluted with water, and 


oem benset 
specimen. 

(iii) 9 : 10-Dimethylanthracene OSS 6) wap Mine Camnes by anes 
with acetic acid (15 Cc) and bydriodic acid (2 c.c.), followed by sublimation of the 
crystallisation from alcohol. 

9 Methy!-10-chloromethylanthvacene.——{i) of ae 75 ¢) a 
pp dana 655 yt te wade ge 


— — identical with that obtained 
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dimethyl diol. After recrystallisation from alcohol, 9 ; 10-dihydroxy-9 : 10-dibenzy!-9 ; 10- 
ydroanthracene formed smal) colvuriess transparen nC tt, ie pk in wh became ue when 
o's Found: C, 86-9; i, @1. Cale. for C,,H,.O,: C H, 62%). Padova (Ann. Chim., 1910, 


repeated recrystallisation  10-dsdenry/ 0-dihydr 
was obtained as colourless plates, m. p. 248-250" (Found: C, 85-7; H, 7-1. — CosHyss requires C, 
8&7; H, 7-3%). 
®- Formyl-1 — mixtare of 9-benzylanthracene (Cook, /., 1926, 2160; 35 ¢.), 
—— — (£4), disclved nwa c.c.) was heated on a 
ted a Cageens Se Wane UD 0.0. ), was added 
The residue was washed with a little 
crystallised ; } formed 

yellow blades, m. p. 158--160° (Found: C, 89-2; H, 5-55 CosHl gO requires C, 89-2; H, 5-4%) 

9 Henzyi-10-a-hydroxybensylanthracene -—A warm benzene solution of 9-formy!-10-benzylanthracene 
(4@.) was added to the Grignard solution prepared from bromobenzene (16 c.c.) and magnesium (2-5 g.) in 
ether. After 2 hours at room temperature, — -t  -, $4 § - 
chioride. —— tm ggg (2 .) erystallised from benzene-light petroleum 
in very mms. t : trap "neating) (Found: C, 89-7; H, 5-9. 

H, t eek) The photo- 


uires C prepared by exposu: 

22 of the above compound to air and — sunt formed colourless silky 
needles, m. p. 206—208" (Found: C, 82-8; H. 54. C,,H,,O, requires C, & 7; 4, 5-5%) 
0- Benryl-10-a-ethoxybenrylanthracene.—(i) A solution of ae tena pret ter dr pew te 
(1 g.) in absolute ethanol was treated, at room temperature, with 3 drops of concentrated sulphuric 
im a little ethanol. Next morning the crystals which had deposited were collected and rec: 
from alcohol. 9-Benryl-10-a-ethorybenrylanthracene was obtained in almost quantitative yield and 
aor colourless small plates, m. p. 190---101° (Pound: C, 80-5; H, 63. C,,H,.O requires C, 89-5; 
, 5%. 

(ii) A boiling ethanol solution of 9: 10-dihydroxy-9 : 10-dibenzyl-9 : 10-dihydroanthracene (5 g.) 
was treated with concentrated hydrochloric acid (5 c.c.), and the mixture boiled for 6 hours. 9%-Benzyl- 
10-e-ethoxybenzylanthracene was obtained in almost quantitative yield and nad m. p. 190—191°, alone 
or mixed with a specimen prepared as described in the first method 
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475. The Stereochemistry of 10-Benzylideneanthrone and 
9-Benzylidenefluorene. 


By V. M. Incram. 


10-m-Aminobenzylidencanthrone was expected to show restricted rotation about the single 
bond between the pheny! group and its side-chain, but it could not be resolved by recrystallis- 
ation of its (+)-camphor-10-sulphonate. Optica! activity was established by the mutarotation 
of this salt and by the preparation of an active hydriodide. The N-(—)-menthoxyacetyl 
derivative of the base also resisted resolution, but gave indications of optical activity in its 
basic portion 

0-m-Aminobenzylidenefluorene dibenzoyl-p-tartrate could not be resolved, neither did it 
mutarotate, but com: son with similar salts of inactive bases gave an indication that the 


base might be capable of optical activity. The N-(—)-menthoxyacety!l derivative proved to 
be inactive 


Mitts and Dazecey (/., 1939, 460) and Adams and Miller (J. Amer. Chem. Soc., 1940, 62, 53) 
were able to show that arylolefins of the types (1) and (II) exhibited restricted rotation about 
the single bond joining the pheny! nucleus to the side-chain. In order to ensure sufficient 
restriction, these compounds possessed either one very large ortho-substituent or two smaller 
ones. The present work was undertaken with the object of increasing the size of the side-chain 
to such an extent, as in 10-benzylideneanthrone derivatives (III), that there would be restricted 
rotation with only hydrogen atoms in the ortho-positions 

A scale drawing of the essential (lettered) part of (III), constructed by using the usual 
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rone was readily prepared by the reduction of the corresponding 
—— Uh taneamh dbudae ta tad eee ae dees ea ee ee 
Attempts to resolve this base by crystallisation of the (+-)-camphor-10-sulphonate from alcoho! 
were unsuccessful, as successive crops had identical rotations in pure chloroform, [M)fP = + 98°, 
+98°. No further attempts at fractionation were made especially as it was found that the 
base was too weak to form stable salts with optically-active carboxylic acids. The solution of 
the salt in pure chloroform showed no change in rotation during 10 hours. Addition of alcoho! 
(3°25%) to the chloroform solution produced, however, a change in the value of rotation, and 
mutarotation which was measured at three temperatures, viz. 20°0°, 30°0°, and 35-0" (see Table I 
and Fig. 1). It is evident that the reaction obeyed a first-order law. From the results it was 
calculated that the half-life periods were 302, 185, and 127 minutes, respectively, whilst the 
activation energy for the mutarotation was 10:1 kcals. /mol. 
This value is one of the lowest recorded for the mutarotation of compounds showing 
restricted rotation. It is of interest since, according to Kistiakowsky and Smith (J. Amer 
o¢., 1936, 58, 1043), 20 kcals./mol. is the minimum value required before isolation of 
isomers can be expected. 





Taste I, 


1024 
Salt. » Temp. [(M,)p. (M.Jo. (min.~*). 
Qa) — pn gram —— \ + os” — 


(7) — st! (+)-camphor- * ———— 30-0 


(8) 1m Amit bey dene. see text 20-0 12 


Solvents : pure chloroform in (1), pure chloroform containing 325%, of alcohol (added immedia‘ 
— — weve 8 in all others. * - 
Concentration : ¢, 4164 in (2)}—(6); equimolecular concentrations in (7) and (8) 


prep tantra in re r= me ge 
at 30° (MJP —+ 133°, lies 





(M)P — + 128°, the difference between these two 

change in Stadion: thie onnteananaetimmemaammen aaa = + 133° —-> +60°. The 

conclusion was therefore drawn that the basic portion of the molecule makes no contribution 
7k 
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to the initia! rotation and that the crystalline salt consists of a mixture, or perhaps a compound, 
of the two salts (+ )-base(+)-acid and (—)-base(+)-acid, in molecular proportions. 

A solution prepared from equimolecular amounts of the (+)-base and (+ )-camphor-10- 
sulphonic acid in chloroform containing alcohol (325%) had an initial rotation of (M,)? = + 125° 
and then mutarotated to the same equilibrium value (M, )f < + 50°, as that found for the 
crystallised salt (see Table I and Fig. 2). The initial value is very close to that of the original 
crystallised salt, which therefore contains equal amounts of the (+)- and (— )-bases. 

The mutarotation of the “ synthetic’ salt proceeded at a slower rate than that of the 
original crystallised salt, the half-life period being 219 minutes as compared with 185 minutes, 
but this lower speed is probably due to the fact that different specimens of chloroform were 
employed in the two experiments. It had been found previously that the rate of mutarotation 
was dependent on the manner in which the solvent had been purified. 


Fis, 1. 
byge (mins). 





bya (mins.). 
S00 


+ 1000 


+ + 
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t29° (mins). 








A at 20° 
By +) 10-m- A minodenrylidencanthrone (+)-camphor- 10pm 30” 
Cc at 35° 
D Activated 10-m-aminobensylidencanthrone hydriodide 


From the values of [M,.), at 20° and 35° given in Table I it will be observed that the 
positive rotation of the equilibrium mixture diminishes rapidly with rise of temperature, 
indicating a displacement of the equilibrium in favour of the salt derived from the (— )-base. 
At the temperature of boiling chloroform the displacement occurs to such an extent that the 
equilibrium mixture shows actually a negative rotation. Thus a chloroform solution of the 

synthetic ” salt, prepared as described previously, after being heated to boiling and rapidly 
cooled to 30° had an initial rotation of [M,)f « — 55° which changed at the same rate as before 
to the same final value (see Table I and Fig. 2). Since there is no reason to suppose that — 55° 
represents the maximum rotation of the optically pure (—)-base(+)-acid salt, the base must 
have a molecular rotation greater than 4. 180°. 

Final confirmation of the optical activity of 10-m-aminobenzylideneanthrone was obtained 
by the preparation of a Levorotatory hydriodide. A solution of the “ synthetic “ (+ )-camphor- 
10-sulphonate in chloroform containing 325% alcohol was heated to boiling, cooled rapidly 
to 20°, and then vigorously shaken with concentrated aqueous potassium iodide. The 
hydriodide remaining in the chloroform solution had an initial rotation of — 187°, and then 
underwent mutarotation with a half-life period of 600 minutes, obeying a first-order law (see 
Fig. 1). The progressive darkening of the solution prevented direct observation of the final 
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wane seating, Ueut hn eaten Aeneas SABES SOND UD VERS SDD SENN Sey 
method of least squares on the assumption of a final sero 

10-m-[(— )-Menthoxyacetamido 
chloride, could not be resolved by ¢ 


solution; heating in methy! salicylate to 150° for one hour also produced no change. On the 
other hand the rotation in chloroform solution showed a marked increase with rise of temperature 
tae pen aaa dr )-menthoxyacetanilide (see Fig. 3). This increase may of course 
be the ordinary variation 

with the existence of the benzylideneanthrone 

The two diastereocisomeric menthoxyacety! derivatives {(—)-acyl(—)amine and (— —)-ecyl+)- 
CE SA ONS SS SUE ee ee ek ee 
polarimetric observation, but would form equilibrium mixtures of varying composition at 
different temperatures; this variation in composition may manifest itself by a marked 

in the equilibrium values of the rotation with rise of temperature. 
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B Boiled 10-m — — 
camphor 10- sulphonate. 








The carbon skeleton a—f in 9-benzylidenefluorene (IV; 











acid immediately before optical examination. 


Taste Il. 


Pyridine ... 
IN, lamine 
| Dom Iduorene 
Dn - St as feryet. salt) 
(synth. salt 


Solvent ‘pere chlorotorm containing 3-25% of alcohol. ¢, 0726 im (4), 
in the others. 


It will be observed that whereas the rotations of the salts of the inactive bases lie within 
¢2*, or 05% of their mean value —419°, the rotation of 9-m-ami 
dibensoy!-p-tartrate differs by as much as 65°, or 15%. This difference would appear - to 
mdicate that there is a contribution by the base to the total rotatory power of the salt, a con- 
clusion which implies that 9-m-aminobenzylidenefluorene might be capable of existing in 
optically-active modifications and that the salt, at any rate in solution, may contain a pre- 
ponderance of the dextrorotatory form. Since the rotation of the dibenzoyl-p tartrate, 
* synthesised “ in solution from the acid and the free (+-)-base [Table II (5)}, is very near in 
value to that of the crystallised salt (4), it follows that the base present in the salt undergoes 
mutarotation to form an equilibrium mixture containing an excess of the dextrorotatory form, 
the rate of racemisation being too rapid for visual observation. 

Further support for these conclusions is afforded by the marked effect which the addition 
of an excess of free (4. )-base exercise on the rotation of the “ synthetic’ salt [Table II (6)); no 
significant change would be expected, if the base is incapable of existing in optically-active 
forms. The small difference in rotation of the crystallised and “ synthetic" salts recorded in 
(4) and (5) can be readily understood when it is remembered that the base employed in the 
preparation of the solution of the “ synthetic ” salt could not be crystallised ; in order to ensure 
that the neutralisation of the acid was complete a slight excess of the base was employed. 

0-m-[(— }-Menthoxyacetamido]benzylidenefluorene could not be resolved by crystallisation 
It showed no observable mutarotation and only very slight variation of rotation with tem- 
perature (see Fig. 3) 





EXPERIMENTAL. 


M. ps and b. p.s are uncorrected. Most of the microanalyses are by Drs. Weiler and Strauss of 
Oxford 

10-m-N utrobenzylidensanthrome —This compound was prepared by boiling a mixture of anthrone 
(90 g.), m-nitrobenzaldehyde (75 ¢.), — pyridine (80 c.c.), and xylene (190 c.c.) in an 
atmosphere of coal gas for 6 hours product (82 g., 55%) which separated from the cool solution 
was washed with cold acetone and then with the same solvent containing a little hydrochloric acid, and 
finally crystallised from acetic acid; it formed small c -yellow prisms which exhibited pronounced 
thermochromism and had m. p. 174-5-—175-5° (Found : C, 73; H, 40; N, 42. Cale. for C,,H,,O,N 
C, 77-1; H, 40; N, 439 Padova (4an. Chim. Phys., 1910 (8), 19, 386, Compt. rend., too’, ia. 
#61) gives m. p 165-5— 168-3". 

10-m- 4 memobenrylideneanthrone.__ Dry hy en chloride was passed into a suspension of powdered, 
fused stannous chioride (105 g.) in glacial acetic acid (550 c.c.) until solution was effected. On the 
addition of 10-m-nitrobenzylideneanthrone (50 g.), dissolved in boiling acetic acid (450 c.c.), 10-m- 
aminobonzylideneanthrone stannichionde was pe oe deposited in slender, crimson needles which after 
being successively washed with acetic acid and alcohol, were suspended in the latter solvent (500 c.c.) 
and warmed with aqueous ammonia (70 c.c.; 0-88) The solid was separated, digested with cold aqueous 
sxdium hydromide (300 ¢.c., 4x.) in order to remove stannic hydroxide, washed with water, com- 
bined with the product obtained by precipitating the alcoholic mother-liquor with water. The solids 
were dried azeot y¥ in toluene solution (200 c.c.) by using a Dean and Stark water separator. The 
hot solution was decanted from the residual tin comp and chioride which were again 
extracted with toluene (50 ¢.c.). The combined toluene extracts, after clarification with charcoal, 
——— 10-m_-aminobenrylidensanthrone in soft yellow needles (30 g., 66%) which had m. p. 172— 

73° (sintering at 157°) and showed no s of thermochromism (Found: C, 842; H, 50; N, 46 
Cy HON requires C, 84-8; H, G1; N, 47%). 

The ( +)-camphor-10-sulphonate was prepared from equivalent quantities of the base (6-0 g.) and the 
acid (4-6 g.) in boiling aleohol (120 c.c.), and — pe forma ay tome py hg Ys 
190-5-192-5", [Mf prelld 1 em grr om + 0-09°, | = 2, ¢ = 2-667) (Found: C, 69-8; 

N, 26. C,H, Ape 70-3; H, 5-0; N, 26%). The mother i 
of the salt (0 ) having the same rotatory y power in pure chloroform, 
bm 2c D1 Neither of the crops showed any ** in rotation yt Be 10 hours. 
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water, followed 
2 3. colome peaked with glass ;  eoually balled over a range of 461°, ond @id sot 
develap any acidity when kept in ths dark for soveral mouths. 
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+)-10. : th (+)camphor-10-sulphonate in chloroform 
— ote 500 backs ow 
—— Pyridine (4) 10-sulphonate.—A solution of this salt was examined at 30-4)" 
under the same the same molar concentration as in the previous experiments; it 
pr ee vend myer bey Sty tn 
Mutarotation of “ fy ay —— — inobensvlid. phor-10-sulp 
solution became too dark 
ppt siento ghee synthetic “ ——— 
reflux on the steam-bath for 2 hours, cooled to 30° end then exemined polarimatrically 
same temperature. The solution became too dark readings to be taken after 425 minutes. 
; cunts f atin sant Oop ent Se Se mpeinast Ses Gee 2 Geet 
batch from that previously employed. Although both —— same treat- 
tr heed boon! eckhon® Ghat th sate of auotanetetion is extremely sensitive 
imporities, and It has been impossible to obtain two two batches of chloroform with 














vitd throne Hydriodide —A 
in chloroform containing 325% of alcohol 
cooled to 15° and shaken for 
.in 20¢.c.). The chloroform 
Petarimetrically ot “0°. For the calculation the time at 
— cue calms an Gh anue thus of aia tanueenieions 
minutes. 


10-m-{(—)- eatepet ea —A 
Cope Rete mae a —— Bey added 





C, 80-2; H, 7-2. ou.O.N N requires C, 80-3; H, 7-2%). 
Concentration of the ethyl acetate mother-liquor yielded a second crop (1-5 g.), m. p. 123-124", 
[M)B = —254° in chloroform (aff — —7-06°, | «= 2, ¢ = 6-84). 
In chloroform containing 1% of alcohol the observed rotation, EE —— S68". G8 wah anes Gains 
oncentrated h acid to the 


of 0-1 c.c. of glacial acetic acid to the solution (20-65 c.c.). 
[M)P ——291°, and this value remained constant when the solution was heated for one 
and later for one hour at 150°. 


Comparison of the Rotations of 10-m-{(—)- ae one er eg ben: yiidencanthrone and (—)-Menthory - 
acetamhde.—A solution of the benzylideneanthrone derivative in chloroform (c = » 604 at 14°) was 
examined at temperatures between 14° and 35°; its rotation was also measured at | 


etanilide of the same molar concentration was 





ont Se eens Se ee 
ond male @ 00 0 oe with chloroform and examination was 
strains Guvagh cotton weal. The results are given in Fig. 3; the expansion of the solution has been 


wae (ie ne 20 cc) i arm alcoholic solutions of sodium (30 g. in 500 c.c. 
benzaldeh a in 300 c.c.) in absolute alcohol were added 


| Raorene (10 p a he come evens Ste The solution became very 
a feows covehiiies solid which, after being 
dilute ies acid, wes duestved to thyl acetate (600 ¢.c.) and 








The Stereochemistry of 10-Benzylideneanthrone, etc. 
red to 200 c.c. furnished 9-m- 


Posten ceca: — 








, filtering 
rs oe and into 41; 2x.) (Found : C, 783; 
. 56; N43. CH NCI requires C, : 1-00 g. neutralised 32-2 c.c 
of O-1»-sodiam h oxide. 1 fot CH, NHI roquives 9 Te. of ©-Lx-sodium hydroxide). 
The free base was obtained as an amorphous yellow solid by the finely powdered h 

Ce 8 SS Se eee Se Oe o 6 ¢.c. of water). All 
obtain the base crystalline were unsuccessful. — qotienee atten teak cnt ote toast 
freshly prepared. 

flworene ( + )-Camphor-10- 


ee Sve eS 10-enlphonate *4 





2. — 5-40) ona (WE = +124° in chloroform containing 9% by volume of pyridine 


: C, Th8 
Sus requires ©, 70-2; oa. N, 28%; 501). The salt had (MIP 
= +446", 1 = 2, ¢ = 908); neither solution showed mutarotation. 





9 mA mimobenryhidene fe Dibenzoyl-p — solution of the base (5-0 g., 0-02 mol.) and 
the oct (0-8 ¢.. O51 mal) (containing 1-6 male. of water — 
boiling aleohol (24 c.c. , pee, . the dibensoyl-D-tartrate in 


39°, i = 2, & = OO). 


Several Dibensoyl-v-tartrates._—The rotations of the papa eet 
were with the rotations of 
-p-tartrate (see Table II). 
the 











benanyl-p-tartaric acid was the same in all cases and corresponded to 0-29 ¢. of the anhydrous acid 
m 109 ¢.c. of solution. 


9m (( — )-Menthoryacetamido\benrylidenc fluorene.—-A of Om benzylidenefi 

hydrochloride (15-5 g.) in anhydrous ether (50 ¢.c.), containing pein (10 « c.c.), was heated to boiling 
for 4 hour and a solution of {—)-menthox — may Ee g.) im ether (50 c.c.) was then slowly 
added. After being heated for a further 24 hours, the ethereal solution was filtered and washed suc- 
cessively with dilute hydrochloric acid, water, aqueous sodium hydroxide, and water again; it was then 
dried (Na,SO,), and the solvent was removed. The residual syrup * not be crystallised, but after 
ex * to the labora atmosphere fur several months it solidified. Trituration with 
hight rlewm (b. p »”) containing a little ether furnished —— — 3— 
—* |Muorene, which on crystallieation trom the same solvent separated as s tangled mass of long. 

slender needles, m. p. 70-80", (MR « —220° in chloroform (aff ——4-19°, i = 2, ¢ — 4-48); there was 
no evidence of mutarotation rotations at different temperatures, in pure chloroform, are recorded 
in Fig. 3; the values given have been corrected for the expansion of the solution 


Addition of light m (b. p. 40-60") to the mother-liquor furnished a second crop of the 
(—)-menthoxyacety! ivative having m. p. 80—82° and [M)P < —217° in chloroform (of = —4-13°, 
l= 2, ¢ =» 448) (Pound: C, 81-9; H, 78 C,,H,.O,N requires C, 82-5; H, 7-6%). 


9-m.- A minobensyl fucrene.—O-m-Nitrobenzylidenefluorene (2-0 g.) dissolved in ethy! acetate (75 c.c.) 
was stirred vigorously in hydrogen at atmospheric e with palladised charcoal (0-5 g.; 14%). The 
reduction, at 42°, was —— in 3hours. After filtration from the catalyst, the solution was evaporated 
and furnished 9-m-am: neylfuorene as a pale-yellow oil which slowly solidified (1-8 >). 
then crystallised from ax (15 ¢.c.) in short cream-coloured prisms, m. p. 105-5—1 5° Brana 
C, 876, HL, 64. N55 all, .N requires C, 885, H,63; N, 52%) 
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476. A Conversion of Cholest-4-en-3-one into Cholesterol. 
By Arruvur J. Brecn. 


The enol — 8; Bw Ac) of cholest-4-en-3-one (III) reacts with potassium amide in 
liquid ammonia, followed by water, to give chiefly cholest-5-en-3-one (II). 


Tue equilibrium between a Sy- and the corresponding a$-unsaturated ketone, ¢.g., cholest-5-en- 
3-one (II) and cholest-4-en-3-one (II), is rapidly established in the presence of acidic or alkaline 
catalysts, and is usually greatly in favour of the 2$-unsaturated isomer. The conversion of the 
af- into the Sy-isomer can then be accomplished only by indirect means. Cholest-4-en-3-one 


C,H, ae CH, CH, 


Av 17's 
Y 
rad = 
ge 
Ga o H 
(IL) (TIL) (iv. 
(LIT) has been converted into cholesterol (IV) by Reich and Lardon (Hele, Chim. Acta, 1946, 
20, 671),* but the process is rather laborious. A desirable step in such a conversion would be 
the direct preparation of the unconjugated ketone (II) from the conjugated ketone (III). 
It has been pointed out (Birch, J., 1050, 1551) that a mesomeric anion of the type (V) 
may be expected to add a proton to give a high proportion of the unconjugated ketone (V1) 


V) eRe — — (VI) 

if the addition takes place under conditions where it is irreversible. This expectation depends 
on the fact that the product is then determined by a reactiou rate rather than by an equilibrium 
position. In effect, the high energy of the anion is used in part to convert the conjugated isomer 
into the unconjugated isomer of higher energy level. The conditions are fulfilled when the 
proton source is a much stronger acid than the ketone formed (pK about 20), but not acidic 
enough to bring about the acid-catalysed equilibrium. Water is therefore a suitable proton- 
donor, and to it can be added a weak acid like ammonium chloride to remove the alkali formed 
in the reaction. 

If the conjugated ketone is to be used as the source of the anion, it must enolise in such a 
way as to provide eventually the oxygen atom at the end of the charged system. There appeared 
to be some possibility that cholest-4-en-3-one would provide the desired salt (I; R « K), since 
the enol-acetate is known to be 3-acetoxycholesta-3 : 5-diene ([; R = Ac) (Westphal, Ber, 
1937, 70, 2128; Inhoffen, Ber., 1936, 68, 2144). However, some experiments kindly carried 
out by Dr. S. Sunner showed that the starting ketone (II11) was recovered after treatment with 
potassium amide in liquid ammonia, followed by water. Under these conditions enolisation 
therefore proceeds most rapidly by the loss of a proton from the 2-position. The desired 
enolate (I; R = K) was eventually obtained from 3-acetoxycholesta-3 : 5-diene (I; R = Ac) 
by the action of potassium amide in ammonia, and gave rise as expected to cholest-6-en-8-one 
(II). 

While this work was in progress it was reported by Shoppee and Summers (J., 1950, 687) 
that cholest-5-en-3-one (II) is reduced by lithium aluminium hydride to yield principally 
cholesterol (IV). This work has been confirmed on the ketone obtained by the present method. 
The isomerisation and reduction reactions in conjunction thus make possible the introduction 
into the steroid ring B of the 5-double bond characteristic of cholesterol and many other sterols, 
together with the production of the 3-hydroxy! group in the natural! steric configuration. The 
4+ turated ket can be obtained from the saturated ketones having the ring junction 
a-B in either the cis- or the trans-configuration (Rosenkranz, Kaufman, Pataki, and Djerassi, 
J. Amer. Chem. Soc., 1950, 72, 1046). 

An immediate application of the reactions would be the preparation of radioactive cholesterol 
ee ee na J. Amer. Chem. Soc., 1960, 72, 579). 

(Added, Bee, 1950. 
J See th Seth anes Ge et en i cleo: Dauben and Eastham 
of pov irae he types 


(J. a Chem. Soc., by reduction of the 
enol-acetate the route here described, without the 








isolation of the intermediate — ketone. 











Badger, Campbell, Cook, Raphael, and Scott : 


(0-46 g.), m. p. 110-116" ‘The — —— —— Omens popes ye bee = 
of a mixture of cholest-4- and - 3-one, because passage a column of alumina in benzene 


} P. preliminary . 
pressed by an authentic specimen, m. p *. Westphal (lec. ost.) gives m. p. 127°, with preliminary 
. (ap —4#2°. Attempts to chromatograph the crude product on neutral alumina (washed with 
acetic acid and reactivated at 280-300": cf. however, Shoppee and Summers, loc. cit. who succeeded 
in carrying out the process with a differently prepared alumina) resulted in quantitative isomerisation to 
cholest-4-en-3-one, m. p. 80° 
Reduction of Cholest-b-en-3-one to Cholesterol.The crude ketone, m. p. 110—-115° (200 mg.), was 
added to lithium aluminium hydride (100 mg.) in ether (10 ¢.c.). After an hour, the mixture was 
known manner, and the product crystallised from methanol as needles (150 mg.), 
‘ -- Two more crystallisations from methanol gave pure cholesterol as flat needles, m. p 
45°, undepressed by an authentic specimen. It was further identified by formation of the acetate, 
> p. 115°, undepressed by an authentic specimen, and of a precipitate with alcoholic digitonin 
This work was carried out during the tenure of the Smithson Research Fellowship of the Roya! 
Society. The author is grateful to Nufheld Kesearch Foundation for financial assistance, to Pro- 
fessor A. K. Todd, F.R_S., for the hospitality of his laboratory, and to Dr. S. Sunner for assistance in the 
preliminary stages of the work 
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477. The Synthesis of 4: 5-Dimethylphenanthrene. 


By G. M. Bapogrr, (Miss) J. E. Camppett, J. W. Coox, R. A. Rapnast, 
and A. L. Scorr. 
A series of convenient reactions for the tion, from pyrene, of 4: 5-dimethy!- 


yhenanthrene and some of its derivatives is descri Ultra- violet absorption data for the 
ydrocarbon indicate the absence of any marked steric inhibition of resonance 


Puenantueene derivatives with methy! substituents in the 4- and the 5-position are of consider 

able interest from the point of view of the nature of the steric hindrance associated with such a 

structure (Cook, Ann. Reports, 1942, 89, 172; cf. Cook and Kennaway, Amer. ]. Cancer, 1938, 

33, 55; Newman ef al., J. Amer. Chem. Soc., 1940, 62, 2295; 1947, 69, 3023; 1948, 70, 1913 

Campbell, Ph.D. Thesis, Glasgow, 1949). Unsuccessful attempts to synthesise the parent 

hydrocarbon, 4: 5-dimethylphenanthrene, have been reported by Haworth and Sheldrick (/., 

1934, 1950; cf. sbid., p. 456) and by Lewis and Elderfield (J. Org. Chem., 1940, 5, 200). The 

ready preparation of 4-formyl phenanthrene-5-carboxylic acid (I) by the ozonisation of pyrene 

(Vollmann ef al., Annalen, 1937, 581, 1; Fieser and Novello, ]. Amer. Chem. Soc., 1940, 62, 1855) 

suggested the following route for its synthesis; this has been accomplished and the yield at 
every stage was of the order of 80%, 

CH-OH Mech CH-OMe CH,Br CHySC(.NH)-NH, HBr 

20 > 2 — C,H, 
na <oO ° SCHyS’CCNH)-NH, HBr 
it 1 (VIL) 


Ni-H, 


| "Me 


v 4 
CHO wam, CH, OH / 
_ 


. 
CO\Me CHyOH \A\\ ue 


tt IV.) y 
C,H, represents the phenanthrene nucleus substituted at positions 4 and 5.) 





nearing 

Whitehouse (J. Amer. Chem. Soc., 1949, 71, 3664) who prepared 4 : 5-dimethylphenanthrene in 
17% yield by fission of the cyclic ether (V) with phosphorus and hydriodic acid at 165° for 17 
hours. The smooth low-temperature reactions used in the present work are preferable to this 
drastic procedure with the risk of molecular rearrangement. The physical constants of our 
hydrocarbon and its derivatives agreed well with the corresponding data of the American 
workers. 

The ultra-violet absorption data (in ethanol) for the 4: 5-substituted phenanthrenes were 
kindiy determined by Dr. E. A. Braude and the results are tabulated below. 


Compound. 3 A. 
(IV) 


—— © 
SPs =: 
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(Italicused wave-lengths refer to inflections.) 


It can be seen that the spectra fall into two well-defined groups. The first, comprising the 
aldehydo-acid (I), the g-ester (II), the bishydroxymethyl compound (IV), the cyclic ether (V), 
and 4: 5-dimethy lphenanthrene itself (VIII), consists of absorption curves which are definitely 
* phenanthrenoid “’ in character, although some of the fine structure exhibited by phenanthrene 
itself has been smoothed out. This may be taken to indicate that in these compounds the steric 
hindrance associated with 4 : 5-substitution does not affect the uniplanarity of the phenanthrene 
nucleus. The second group, containing the methy! ester (III), the dissothiuronium dibromide 
(VII), and the bisbromomethy! compound (V1), is characterised by a single region of maximal 
absorption with practically no fine structure. It would seem that in these three compounds with 
very bulky substituents at positions 4 and 5, there is considerable distortion of the phenanthrene 
nucleus with consequent inhibition of resonance. 


EXPERIMENTAL. 
4-Formylphenanthrene-5-carborylic Acid (1).—A modification of the method of Vollmann ef al. (loc 


O,) was passed through the solution for 16 hours pyrene ozonide is 
it is precipitated from the solution and is thus —— from further ozonisation. 
carbon tetrac was then removed in steam, and the residue worked up as described by the German 
authors. vei vide TIM). Tas ond was uated cnbenadl che Gusta wih Week 
conversion 42%; yield 71%). The acid was recovered unchanged after treatment with ‘aleohalic 
2 : 4-dinitrophenylhydrazine sulphate and semicarbazide acetate 
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Methyl Ester (11).—A of the aldeh id (1 g.) in methanol (40 c.c.) was saturated with 
pa Ry ey Eg CI coun Tis ocvast a ine, Saeeee, ane Se pameee 
with sodium carbonate solution. The insoluble material was crystallised from methanol, 

the ¢-ester (LI) as needies, m. p. 176-—~ ‘ound: ©, 770; H, 46. — 
46%). Like the parent acid, ——— no carbony! reactivity 

— ee ee 
and treated with an excess of ethereal diazomethane. —— — 
16 hours, all the solid then having dissulved. — He Tepe ed 
gave the methyl eater (29 g) as needles, 113-—114° (Pound : 4p ae 

77-2; rye ~ jc 2: 4-dinitr 


action of ophenylbydrazine ———— 
sponding 2 eee tt hoe. orange prisms, 250°, from methanol 
— « Tequires rs nt 


Se — 
cn Ha procedure. 


4: pry oy iw yy A mixture of powdered lithium aluminium hydride (8 g.), 
the susthyl cones Til) — &). tnd ay ether (200 cc) wat heated under ebun for 30 tes fe 
cooled reaction mixture was cautiously decomposed with ice and dilute Evaporation 
the dried (Na,SO,) ethereal ia aang = mag cegnentapee dene ee the diol (3°26 — 
m. p. 162-159", from the same solvent effected little improvement in the wide 
melting range of the uct (cf. N and Whiteb vito, ol) s. pagetite Coqnsstonate dak 
effect of boi benzene caused some conversion into the cyclic (Vv). A mel i 
m. p. 171-172", was obtained by crystall anes oat bees See te thus 

, 7 ). The diacetate, 
from 





obtained (Found: C, 80-6; H. 5-9. H, 5-9 

by heating ydride etate, light m 

(b. P 100-120") in m. p. 106° (Pound: C, 746, H, 5-75. C,,H,sO, requires C, 74-55; H, 56%). 
—2 Bther (V —The above diol a tS) was dissolved in benzene (10 c.c.), @ small quantity 

of anhydrous calcium chloride added, and the solution saturated with = hydrogen chloride. Fi —— 

evaporation of the benzene, and crystallisation of the residue from light yd 

an almost quantitative of the 7—78* (Fou 

Cale. for C ot gO Cc, H, 65%). The 2: 4: 7-trinitrofluorenone complex (Orchin and Woolfolk, 

Amer. ( 1046, * 1727) « ised in orange prisms, m. p. 190—191°, from alcohol (Found : 

Coll, (Oqhiy requires N, 70%). 

4: 5-Bisby thyl ph (V1I).—4 : 5-Bishydroxymethylphenanthrene (280 mg.), benzene 
(20 c.c.), and pyridine (lo mg.) were re treated with phosphorus tribromide (600 mg.), and the mixture was 
warmed to 50" for 2 hours. The benzene solution was then washed with water and sodium hydrogen 
carbonate solution, dried (Na,SO,), and ge yd The residue of 4: 5-bisbromomethylphenanthrene 
(370 * 85%) crystallised from benzene in prisms, m. p. 194° (decomp.) (Found : C, 52-6; H, 3-45; Br, 
439 Cy eH) Br, requires C, 52-8; H, 3-3; Br, 43-8%). 


Attempted reduction of (V1). (a) The bisbromomethy! compound (50 mg.), dissolved in acetone 
(10 ¢.c.), was shaken in an atmosphere of hydrogen with ladium—strontium carbonate catalyst 
(3) mg. 2%). Removal of catalyst and solvent pee bee a low-melting solid which was purified by 
sublimation at 10°* mm. to give prisms, m. p. 75-—76" 2 with the cyclic ether 
(V). () 4: 5-Bisbromom pn emp eee (500 mg.) was wes disuieea in benzene (20 c.c.) and slowly 
added to a boiling solution *8 thium alumimiom hydride (2 g.) in ether (250 c.c.) (cf. Johnson ef al., 
J. Amar. Chem. Soe., 1948, 70, 3738). The solution was heated under reflux for 16 hours and carefully 
decomposed with ice and dilute sulphuric acid. Evaporation of the dried (Na,SO, — ethereal layer 
furnished a solid which sublimed at 70°/10°* mm. giving prisms, m. p. 75—76 

admixture with the cyclic ether (V). 


Ditsothieronium Dibromide (V11).—A solution of 4: 5-bisb thy!ph Sane Oe a) mae 
thiourea (64 mg.) in dry acetone (10 c.c. C was heated under reflux for 30 minutes tated 
OVEN) fo ponctioae pera 96%) was filtered off and washed with a little acetone ; — conaietad ed | omide 
(VIT) in practical re condition, m. p. 200-—-201°. — — — from alcohol-acetone gave rosettes 
of needles, m. p 201° (Found : 419; H, 40. sel, ,Br,S, requires C, 42-0; H, 39%). 

4: 5. Dimethyiphenanthrene (VILI).—A solution of the diisothiuronium dibromide (340 mg.) in alcohol 
(16 ¢.c.) was heated under reflux with Raney nickel (ca. 500 mg.) for | hour. Removal of catalyst and 
solvent gave a low- 28* solid which was dissolved in ede = petroleum (b. p. 40-—60") and chromato- 
graphed over alumina e movement of the formed was catty followed by means of its 
intense blue fluorescence in ultra-violet light. Dev ment of the chromatogram with light petroleum 
washed the band through the column; evaporation of the solvent and crystallisation of the solid thus 
obtained from methanol gave 4 a age tH (150 mg., 76%) as prisms, m. p. 75—76° 

Found: C, 93-4; H, @8. Cale. for C,, 93-2; H, 68%). The 2: 4: 7-trinitrofluorenone 
complex crystallised from alcohol in « arlet needles, m. p. 120-121" (Found: N, 79. Calc. for 
CoH ON, : N, 81%). Fission of this complex by chromatography in benzene over alumina gave the 
yarent hydrocarbon with m. p. identical with the sample obtained as above. The 1% _ p. 109— 

10°, formed orange prisms from alcohol (Found: N, 975. Calc. for C,,H,,O,N, : or 








The above work was carried out during the tenure of an L.C.1. Fellowship (G. M. B.) and Maintenance 
Allowances of the Department of Scientific and Industrial Research (J. E. C., A. L. S.), for which we 
express our thanks 
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478. Colour and Constitution. Part I. Basic Dyes. 
By M. J. S. Dewan. 


Tue relation between colour and constitution has been for decades an outstanding problem in 
organic chemistry, solution of which became feasible only with the development of the quantum 
theory. Exact treatment of complex molecules by the new methods is of course out of the 
question, but qualitative reasoning based on very approximate solutions of the relevant wave 
equations has provided some understanding of the basic processes involved in light 

(cf. Forster, Z. physihal. Chem., 1940, 48, B, 12; Herzfeld and Sklar, Rev. Mod. Physics, 1942, 
14, 204; Lewis and Calvin, Chem. Reviews, 1930, 25, 273; Lewis, J]. Amer. Chem. Soc., 1045, 
67, 770; Dewar, “ The Electronic Theory of Organic Chemistry,’ Oxford, 1949). The purpose 
of the present paper is to put this qualitative treatment on a firmer basis. 

Three approximate methods have been used to calculate the light absorption of conjugated 
organic compounds ; the simple MO (molecular-orbital method), the VB (valence-bond method), 
and the ASMO (anti-symmetricalised molecular-orbital method). Of these the ASMO is the 
most rigorous and the most satisfactory, since explicit allowance is made for electron spin, and 
no empirical parameters are involved. The method was devised by Goeppert-Mayer and Sklar 
(J. Chem. Physics, 1938, 6, 645) and was used by them to interpret the complete electronic 
spectrum of benzene; it has since been extended to dipheny! (London, ibid., 1945, 18, 396) and 
simple Wurster salts (Goeppert-Mayer and McCallum, Rev. Mod. Physics, 1942, 14, 248), and 
further improved by Craig ef al. (cf. Proc. Roy. Soc., 1950, 200, A, 474). For the present 
purpose the method is unsuitable, however, since it would involve prohibitively tedious 
calculations and would not yield the kind of qualitative generalisations sought. The VB 
method is unsuitable for calculating light absorption, since it is difficult to include ionic forms, 
and otherwise the calculated transitions have zero transition moments. No reliable conclusions 
could be drawn from a model so divorced from reality. Therefore the simple MO method has 
been used here, for lack of any practicable and better alternative. 

The simple MO method suffers from a number of major theoretical shortcomings (cf. Coulson 
and Dewar, Faraday Soc. Discussions, 1947, 2, 54) but nevertheless seems quite 


Rushbrooke, Proc. "Camb. Phil. Soc., 1940, 36, 193) but here too the results are reasonable if the 
additional parameters involved are given suitable values. Ia the calculation of light absorptions, 
however, the method often fails very badly. Two effects are probably largely responsible. 
First, the method neglects electron spin. Therefore it does not distinguish between a 
corresponding pair of singlet and triplet excited states but gives some kind of average of the 
two; the calculated excitation energies cannot be brought into correspondence with experiment 
by adjusting the empirical “ resonance integral '’ since the singlet—triplet separation is neither 
constant nor in constant ratio to the mean excitation energy. Secondly, the failure of seli- 
consistency will be more serious in excited states where the charge displacements tend to be 


Now there are reasons for believing that both these effects may be smaller in the case of 
basic dyes. First, the singlet-trnplet separations in such dyes seems to be unusually small 
(approximetly 6 keals.; cf. Kasha, Chem. Reviews, 1947, 41, 401). Secondly, the dyes contain 
more x-electrons than atoms; the accumulation of s-electrons on the terminal hetero-atoms 
(owing to their relatively high electron affinity) will be compensated by the extra electrons, and 
the central carbon chain should to a first approximation resemble that in a hydrocarbon. 
Naturally, these conjectures require confirmation, and so the light absorption of a representative 
range of basic dyes has been calculated by using one set of theoretically acceptable parameters. 


ee ee ee Hele. Chim, Acta, 1949, 32, 2247) is even cruder than the 
sim 
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The results are compared with experiment in the Table. It will be seen that the agreement is 
surprisingly good, particularly since (i) no attempt has been made to choose the best values for 


‘a Compound Ames. (calc.).* Aaas. (obs.).° 
Me, NOCH 'CH-CH yNMe,; # = 1 , a ae 3160 3090 


a=? .... ae 4390 4090 
2310 2530 


Michler’s bydrol biue ... . 6100 (x) 





Sodium derivative of dibydroresorcinol . 
NaO’CHICH) CHUN -(CH°CH), CHO 
* Wave-lengths in a., to nearest 10a. 


the various empirical parameters, (ii) the change in electron affinity of carbon adjacent to hetero- 
atoms has for simplicity been neglected, and (iii) the electron affinities of the hetero-atoms can 
be significantly altered by alkylation. Even the higher excited levels are correctly predicted in 
many cases; a few examples are given in the Table. The direction of the absorbed electric 
vector is also correctly predicted in cases when it is known experimentally. In *#-bands the 
vector lies along the major axis, in y-bands along the minor axis, of the conjugated system [the 
observed values quoted in the Table are those given by Lewis and Bigeleisen (J. Amer. Chem. 
Soc., 1043, 65, 2102, 2107), Simpson (]. Chem. Physics, 1948, 16, 1124), Schwarzenbach, Lutz, 
and Felder (Helv. Chim. Acta, 1944, 27, 576), and International Critical Tables). 


Method. —The calculations followed the standard procedure and require little comment. 
Overlap was neglected since preliminary calculations showed that its inclusion made little 
difference. The following values were ascribed to the various Coulomb terms (¢ relative to 
carbon) and resonance integrals (y) 


dn (in NR) = Yee You ™ Yoo 

gu (in RNC) & O°5 yee Yoo ™ Yoo -/2 
Go (terminal) = yor 

Yoo = 73°2 kcals 


The calculations are confined to dyes where all the centra) atoms are carbon or nitrogen, 
since there is not sufficient evidence to determine the resonance integrals and Coulomb terms of 
oxygen and sulphur in dyes such as Pyronine G or methylene-biue. 

The Coulomb terms (¢) require some comment since they are less than the values assumed by 
other authors. Higher g's lead to excessive calculated dipole moments for simple >C=N and 

-C=O0 bonds. The higher values have been assumed in order to get correct calculated moments 
for more complex molecules; this situation probably arises from the inadequate allowance that 
has been made for the change in electron affinity of carbon atoms adjacent to hetero-atoms 
Investigations by Branch and Calvin (“ The Theory of Organic Chemistry,"" New York, 1946) 
and McGowan (Nature, 1947, 159, 644; Chem. and Ind., 1948, 632) suggest that if the Coulomb 
term of a hetero-atom attached to a carbon chain is ¢g, the carbon atoms along the chain should 
be ascribed Coulomb terms eg, eg, etc. where «e~04—05. Most authors have assumed 
that « < 01 in carrying out MO calculations. The use of too small an ¢ will affect energy 
calculations little, but it will destroy the value of calculations of dipole moments. Calculations 
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of rates of benzene substitution, with a more reasonable value of ¢ (j), suggest that ¢ << 2 for all 
the usual hetero-atoms (Dewar, ]., 1948, 463). 
General Theory of Basic Dyes.—The next step, the main purpose of this paper, will be the 


tion treatment, and it can alse be 
Joc. eit). For instance, Acridine-orange (I) would be formally derived from the carbanion (II) 
by substitution with NMe and replacement of the terminal CH, groups by NMe,. 


. = 
MeN. Pf cu oH 
a) — eyo OU et a 
a * 

The following treatment makes use of some results of Coulson and Longuet-Higgins (Proc. 
Roy. Soc., 1947, A, 191, 39), and of a modification of the usual MO methods (Dewar, Proc. Camb. 
Phil. Soc., 1949, 45, 638). In this LCMO (linear combination of molecular orbitals) modification, 
the secular equation of a conjugated molecule RS is set up by using the MO’s calculated for RH 
and SH as trial eigenfunctions. The final secular equation must be identical with that given 
by the usual LCAO method, but the LCMO determinant can be expanded explicitly to give this 
equation in a particularly convenient form 

Several theorems will now be established for the effect of structural changes on the light 

of carbanions. It will be assumed that the molecules are alternant (Coulson and 
Rushbrooke, Joc. ci#.), and that the terminal atoms, ¢.g., CH, in (II), belong to the “ starred " 
set. Only the frequency of the first absorption band (FFAB) will be discussed, since this 
determines the general colour of a dye. 

(a) The FFAB of the hydrocarbon R-S is not greater than the FFAB of RH or SH provided that 
RH and SH are not both odd. Denote the x-MO’s of RH by V, of SH by ®,, where 


Y,= —X — —XE 


and where the total numbers of ¢'s and of ¢’s are even. Let the energies of ¥,, ©, be E,, F, 
respectively, in units of yop, the OC resonance integral. Then if, in RS, K and S are linked 
through atom j in R and atom 4 in S, the secular equation of RS may be shown to be (Dewar, 
loc. ett.) : 
* — * 
nw — BE) TW — F){) Lge witty F} — 

It may be assumed that no root of (1) is equal to an E, or F,, since equality can occur only if 
RH or SH has deger erate levels, or if one of the a,, or by vanishes-——in either case the identical 
roots can be explicitly factored out of (1), leaving an equation of the same form. 

Now Coulson and Rusbbrooke (loc. cis.) have shown that the roots of the secular equation for 
a hydrocarbon occur in pairs with energies equal in magnitude but opposite in sign, and that the 
coeficients of the atomic orbitals in the corresponding MO’s again differ at most in sign. 
Equation (1) may therefore be written 

X. > oat » + * 

WE! TW F* WSF 


- 0, 


1 WS gg hg Spe ey = 1) = 0 — ace 
If the smallest E,5 or F, is e, then as W" increases from 0 to ¢, {(W) decreases from +1 to —o. 
Therefore equation (2) has roots + where g° < @. Now the lowest excitation energy of RH 
or SH is 2\e|, if overlap is neglected, and the lowest excitation energy of RS is 2\g|. Since 
\g| < jel, the FFAB of RS must be less than that of RH or SH. This conclusion is not altered 
by inclusion of overlap; the excitation energies become : 


and these obey the indicated inequality (since S¥¢* < 1). 
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The only exception occurs when the lowest level of (RH + SH) factors out of the secular 
equation for RS; here RS has the same FFAB as the lower FFAB of RH or SH. 

This completes the proof of the theorem for normal hydrocarbons; the proof for the case 
where RH or SH has an odd number of conjugated atoms (i¢., is an ion or radical) is so 
nearly identical that it need not be given. The theorem does not hold if both RH and SH 
are odd. 

(b) Replacement of an wnstarred carbon atom in the carbanion R™ by a hetero-atom lowers the 
FFAB. Let the jth carbon atom in R™ be replaced to give Rg~. Let the Coulomb term of the 
hetero-atom be ¢ relative to carbon. Then, to a first approximation, the change 3£, in the 
energy level E, will be given (cf. Coulson and Longuet-Higgins, joc. cit.) by : 


SE,= —q0E,/Oy,— —g.af. - . « - ~~» » & 


Now for the highest occupied orbital in R~, a,, = 0 (Coulson and Rushbrooke, loc. cit.). This 
orbital remains unchanged in R,”, to a first approximation. The energy of the first excited level 
in Ky” will, from equation (3), be less than that in R~, since g > 0. Therefore the FFAB of 
Rg” is less than that of R~. 

(c) Replacement of a starred atom in R~ by a hetero-atom will usually raise the FFAB. If the 
highest occupied and the lowest unoccupied MO in R~ are the rth and sth respectively, it follows 
from equation (3) that the excitation energies for R~(E) and Rg~(E,) are related by the 


expression 
Ey — E=4\a,7 — 4,/) is os 7. 


Since the rth MO is confined to only half of the conjugated atoms in R~, while the sth MO 
covers the whole molecule, it is likely that |a,| > |a,|. Therefore as a rule, R,~ will have a 
higher FFAB than R~. 

(d) The effects im (b) and (c) are roughly proportional toq. This follows at once from equations 
(3) and (4) 

(e) A —E (antonoid electromeric) substituent in R~ ai an unstarred carbon raises the FFAB. 
Consider the case of a monatomic substituent X, with Coulomb term gq, attached to atom j in R~. 
The secular equation for (RX)~ is (Dewar, loc. cit.) : 


W+e-lyt, =0 . . ’ . . . . . (5) 


Applying a first-order perturbation treatment for the root corresponding to E,, we have : 
(Bde E+ (aflE.+¢@)- - - - - © «+ + & 


This shows that addition of the substituent “ repels “ the roots from the level —g. [(RX) 
will have root approximately equal to —q in addition to the roots approximately equal to E,.) 
At an unstarred position, however, if ¢g > 0 (as is always the case), a,, = 0 for the highest 
occupied level; this level remains unchanged in (RX)~ to a first approximation. But the 
lowest unoccupied level is raised (cf. equation (6)]. Therefore the FFAB of (RX~) is greater 
than thatof R~. It is easily shown that the same is true if X is attached to two unstarred atoms 
in R, forming a ring, and that inclusion of overlap does not affect the results 

(f) A —E substituent at a starved atom will tend to lower the FFAB. This result follows 
from equation (6) in the same way that (c) follows from equation (3). 

(g) The effects im (e) and (f) decrease with increasing q. This follows at once from equation (6). 

(h) A +E (cationoid electromeric) substituent should tend to lower the FFAB. The introduction 
of such a substituent -X°Y can be supposed to take place in stages. First introduce -CH°CH,, 
then replace CH by X, then CH, by Y. The first step will lower the FFAB [(a) above). Of 
the other two steps, one will raise, and one will lower, the FFAB, but the latter, a first-order 
effect [(b) above) should in general be greater than the former, a second-order effect [(c) above]. 
Therefore the net effect of the +E substitutent should be to lower the FFAB. The relative 
effects of such substituents in starred and unstarred positions can be predicted, using the rules 
already given. Thus -COR should have a greater bathochromic effect in an unstarred position, 
since the oxygen is then unstarred. There do not seem to be any suitable data available to 
check such predictions 

General Conclusions.—-The results of the foregoing analysis may b: summed up in the 
following generalisations. It is assumed that the dye is formally derived from a carbanion by 
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substitution or replacement, and that the terminal atoms in the carbanion are starred. Then 
the FFAB will in general be lowered by (1) extension of the conjugated system, (2) replacement 
of unstarred carbon by a hetero-atom, (3) substitution of starred carbon by a —E group, or 
(4) +£ substituents. In (2) the effect should be greater, in (3) less, the greater the electron 
affinity (¢) of the hetero-element or · E group. (It is of course assumed that replacement does 
not alter the total number of r-electrons; thus only terminal carbon can be replaced by hetero- 
elements other than nitrogen.) 

The FFAB will be raised by (5) replacement of starred carbon by a hetero-atom or (6) 
substitution of unstarred carbon by a —E group. The effect in (5) should be greater, in (6) less, 
the greater the electron affinity of the hetero-element or --£ group. 

Comparison with Experiment.—All these conclusions seem to agree with experiment, and 
many of them are already known empirically. One or two examples will suffice in each case. 

(1) This well-known effect is seen most clearly in the cyanine dyes, where the FFAB falls as » 
increases in the sereies [R-(CH°CH),*S)*. — 


.D) (Peng > S—cPh= <= nnn)" 
(TTT.) Ames = 6160 a Ames, © 6370. 
FFAB brought about by terminal arylation, ¢.g., in the pair Malachite-green (III) and Viridine- 


green (IV). Here the effect of additional conjugation outweighs the effect of increasing the 
electron affinity of the nitrogen atoms. 


(2) (Michier’s hydrol blue, (mex—C_S—cu=<_> =NMe,) ; = 6100, 
is — 

Bindschedler's green, (MeN—C Ney)”; Danas. = 7400. 
= =z 


Acridine-orange (I); Awex = 4010 


Methylene-blue, | Mes 
\4A\F 
N 
In each case replacement of unstarred C by N lowers the FFAB. 
(3) (Malachite-green (III); Ages = 6160, 


* en : . 
* e. 





Addition of a — E substituent (OH) at a starred position lowers the FFAB. 
(4) f s 
xnZ7/ WNaN 
Methylene-blue Me, ~~] i ] j Me, > Deen, = 6084. 
WN FWA 
N 
NO, S 


on 
Methylene-green (“f i 


A ue 
j -_ + Aman, = 65680 
WN 44 * 





The + E substituent (NO,) lowers the FFAB. 
(5) Since the terminal groups in a dye are starred, this rule implies that the YFAB should be 
raised by increasing the electron affinity (decreasing the basicity) of the terminal groups. This 











2334 Dewar: Colour and Constitution. Part I. Basic Dyes. 


effect is qualitatively very well known (see Dewar, of. cit., for numerous examples). The effect 
of replacing central starred atoms is seen in the following comparisons : 
oO 


i Lemcen—~ NMe «= 5300 


demas. = 5800 


(the mean shift for ten such paire is 400 a.; Bloch and Hamer, Phot. /., 1930, 54, 374 


4™ 4»~/ 
| {i hee H—! I J + Ames 5230 


~» f 
WY 


. AF 
NMe NMe 


f ¥ Lig SF J: teen = 4260 (Hamer, J., 1924, 125, 1348). 


NMe NMe 


(The mean shift for three such pairs is 900 a.; Fisher and Hamer, ibid., 1927, 907) 


en. : 

| | ) = 
Lk JewcrcurcH—t | + tens, = 0080. 
~  WNEt EtN 

L scot fl ‘|: Xmas. * 3430 (Fisher and Hamer, loc. cit}. 


NEt EtN 


6) roam (TIT): Aces. = 6160 


Crystal-violet, (Me,N- ) Ch nna, = 5905 
= ⸗ 
Addition of a —E group (NMe,) at an unstarred position raises the FFAB. The effect of 
increasing the electron affinity of the substituent is seen in the comparison ; 


: NMe . 2 + 
xe. MeN. 7” Adole. Me,N J» NMe, 


Pe 


Y SS 


henas. = O100 henax = 4910. Aeneas. * 5475 


Conclusions —-Some of the rules given above have previously been put forward on qualitative 
grounds but the present discussion is more complete and also rests on a much firmer theoretical 
basis. The alternating effect of substituents, etc., in starred or unstarred positions has not 
been noticed previously as a general phenomenon; its nature is brought out very clearly in the 
present treatment. The striking increase in FFAB from Malachite-green to Crystal-violet is 
also well interpreted, and also of course the still greater differences between Michler’s hydrol 
blue and analogous tricyclic dyes such as Acridine-orange or Pyronine G 


Messrs. Covrravtos Lro., Marpen~ueanp, Beexs Received, March Sth, 1950.) 
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479. The Molecular-orbital Treatment of Organic Compounds 


By J. G. M. Brewwer and (Mes.) W. C. G. Baumer 


MOLECULAR-ORBITAL calculations overestimate the resonance energy of oxygen-containing 
compounds if no allowance is made for the greater electron affinity of the oxygen atom compared 
with carbon (cf. Wheland and Pauling, J. Amer. Chem. Soc., 1935, 57,2001). When this effect is 
ignored, the localisation of electrons on the oxygen atom is neglected and hence the derived 
binding energy is too large. Thus simple molecular-orbital treatment gives 2.486 for the 
resonance energy of furan and 1:466 for divinyl ether, compared with the empirical values of 
about 15 and 0-28, respectively (where 8, the C-C resonance integral, is considered to be 18 keals.) 
It is the object of this paper to examine the molecular-orbital treatment of oxygen-containing 
compounds with the aim of establishing the simplest modification necessary to allow for the 
disturbing effect of the oxygen atom. The compounds treated include furan and pyran 
derivatives, vinyl! ethers, and phenol, as well as the furfury! radical 

The calculations were carried through in the usual manner and therefore require no detailed 
description. The « electron energy is expressed only in terms of the § component. The 
empirical resonance energies used for comparison were derived from heats of hydrogenation or 
heats of combustion (cf. Wheland, “ The Theory of Resonance,"’ John Wiley & Sons, 1044) 
For furan, a group method of estimation was also used (Bremner and Thomas, Trans. Faraday 
Soc., 1948, 44, 230, 338) 

Comparison of Suggested Methods.—Three modifications to the simple molecular-orbital 
treatment were considered. The first modification attempts to allow for the localisation effect 
by arbitrarily reducing the number of electrons. The second is based on a suggestion by 
Wheland (op. cit., p. 52) that only structures with adjacent formal charges are significant. The 
third allows for the electro-negativity of the oxygen atom by adjustment of the parameters used 
in the molecular-orbital calculations (cf. Wheland and Pauling, joc. cit.; Evans, Gergely, and 
de Heer, Trans. Faraday Soc., 1949, 45, 312). 

(i) Reduction in the ber of x electrons. Initially, it seemed feasible to allow arbitrarily for 
the electron affinity of the oxygen atom by working with less than the normal number of electrons 
used in the simple molecular-orbital treatment. By this means the binding energy of the 
molecule and consequently its resonance energy would be reduced, as is required. Furan seemed 
to respond well to this method of approach if two of the six « electrons were disregarded in the 
calculation. As the two lowest roots of the relevant secular equation are — 28 and — 0-626, the 
n-electron energy now becomes 4°248, and consequently the resonance energy——referred to two 
C-C double bonds—is 1-246. This figure is in good agreement with the empirical values 0°956, 
1-138, and 1°288 derived from heats of hydrogenation, group calculations, and heats of com- 
bustion, respectively. However, this method of approach could be of value only if the correction 
for the localisation of electrons on the oxygen atom was of a general nature. Further consider- 
ation showed that this did not hold. Thus for vinyl ether the second orbital, and for phenol 
the fourth orbital, is neither bonding nor anti-bonding (i.«., W — 0) and, in consequence, a 
reduction by two in the number of electrons now leaves unchanged the derived resonance energy 
in both instances 

(ii) Consideration of only adjacent formal charges. In discussing the small resonance energy 
of the vinyl] ethers, relative to furan, Wheland (of. ei.) pointed out that the formal charges are 
separated in the ionic structures (I) ascribed to the former, but can be on adjacent atoms for the 
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furan structure as im (II). He suggested, in consequence, that the main contribution to the 
stabilisation of the furan molecule is due to structures such as (II) and that those such as (III), 
in which the formal charges are separated, play only a small part. A relatively high electron 
density in the 2-position is, moreover, in accord with the orientation effects observed in substit- 
ution reactions. This view can be placed on a quantitative bases. Furan, for example, can 


analogue—the ally! anion—is 0-838, in fair agreement 
o 
— ‘Ne (v.) 
with the empirical values for furan. In the same manner, 2-vinylfuran would be represented by 
a 5-orbital-é-electron system for which an additional resonance energy, above that for the furan 
molecule, of 0-646 was derived. This is, however, about twice the empirical energy 0°38, and is 
in poorer agreement than the simple molecular-orbital treatment which, somewhat surprisingly, 
gives the low value, 0446. Furthermore, the dioxadien molecule (VI) would presumably be 
accorded an unacceptably large resonance energy on Wheland's view, as two pairs of adjacent 


charges are present in the ionic structures (VIT) and (VIII) (Summerbell and Umhoefer, J. Amer. 
Chem. Soc., 1939, 61, 3020). 


(VI) 


In general it is felt that Wheland’s suggestion, while often of value in a qualitative way, is 
unlikely to form a useful basis for quantitative treatment. Modified parameters could be 
introduced in the calculations to allow for the electron affinity of the oxygen atom, but such 


refinements harily seem justified. 

(iii) Modifications to the parameters of the secular equation. As mentioned above, an allowance 
for the disturbing effect of an oxygen atom can be made by modifying the parameters involved 
in the simple molecular-orbital treatment (Wheland and Pauling, Joc. cit.). Such modifications 
can comprise an adjustment of the Coulomb terms of the oxygen and the adjacent carbon atoms 
and of the resonance integral for the C-O bonds relative to the C-C bonds. In particular, 
Wheland and Pauling have made adjustments to the first two parameters in their quantum- 
mechanical treatment of orientation in the furan nucleus. We now consider the effects of such 
adjustments on the derived resonance energy of a number of oxygen-containing compounds. 

Results obtained by using Modified Parameters.-Faran was taken as the test material in 
order to assess the dependence of the resonance energy on the magnitude of the Coulombic term 
assigned to the oxygen atom. The results, given in Table I, show that a change from the 
normal value W to (W + 28) almost halves the derived resonance energy, while a further 
modification to (W + 48) produces a relatively small change. The use of the latter term, 
moreover, yields a resonance energy of 1:18, close to the empirical value as Wheland and Pauling 
implied in their paper 

Taste 1. 
Calculated values for the resonance energy of furan. 


Coulombic terms tor the Energy (8) 
oxygen atom Resonating molecule Non-resonating molecule 
w 6-48 4 
W + 2B 9-37 8 
w+ 13-1 1 


As a consequence, the term (W + 48) was retained and an examination made of the effect of 
varying the Coulombic term for the carbon atoms in positions 2 and 5. The results obtained 
show the calculated resonance energy to be insensitive to variations in the range W to 
(W + 0-58) (Fig. 1). Consequently, while these Coulombic terms require adjustment to 
account for substitution in the furan nucleus, they may be neglected so far as the derivation of 
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resonance energies is concerned. Naturally, such an adjustment becomes more significant in 
resonating systems smaller than furan —as, for example, viny! ether (Table 11)—but the decrease 
which accompanies its use will tend to be offset by the increase which would obtain if a larger 
resonance integra! for the C-O bond were used. Such a modified resonance integral is formally 
required, as the difference between the strengths of the C—O and C-O bond is about twice that 
for the C—C and CC bond. On the whole, therefore, it seemed reasonable to consider only an 


low empirical resonance energy of 0-26. 
Taste II. 
Resonance energies of vinylfuran, phenol, and the vinyl ethers 


Energy (8). 
Coulombic term for —— Non-resona’ 
the oxygen atom 
Vinylfuran . 


Ethyl viny! ether 


Divinyl ether ...... 


“ Strain energy, calculated by using —* + 8) on the carbon atoms adjacent to oxygen 
s Calculated as above, but by use, in addition, for the C-O resonance integral. * Additional 
resonance energy 


The modified values are generally much lower, as is required, and are in fair agreement with 
the empirical figures. The least satisfactory is divinyl ether where the calculated resonance 
energy is twice the small empirical value. A change in the Coulombic term, from W to (W + $6), 
on the carbon atoms adjacent to oxygen would reduce the calculated resonance energy as 
required, but the use of such an adjustment would then result in poorer agreement for the other 
compounds. With ethyl vinyl ether, for example, a“ strain " and not a resonance energy would 
be derived by its use (see Table II). In consequence it was decided to work only with the 
modified Coulombic term (W + 48) for the oxygen atom in the subsequent calculations 

Consideration of Various Heterocyclic Compounds —Among the heterocyclic compounds to be 
considered are those containing oxygen, with structure (IX)—(XII). The unmodified molecular- 


0 


HC gu 
| 
‘ch 
(X1) 


Physics, 1941, 9, 541). 

The disturbing effect produced by oxygen in lowering the resonance energy of 
CE ee EE ee As 
example, the pyrylium cation (XI) was treated by both methods. 
energy decreased only from 26 to 1748. Naturally, apart from this 
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stability, a full treatment of such an ionic structure would involve consideration of its lattice 
and solvation energies. 

A further example of the larger conjugated system is the seven-membered cyclic triene (XII). 
Its hydrocarbon analogue is the cycloheptatrieny! anion whose resonance energy, by molecular- 
orbital calculations, is 2:16 (Hiickel, The Physical Society, ‘* Internat. Conf. on Physics,” 1935, 
2, 9). The modified method of calculation applied to (XII) will reduce this value, but to an 
extent smaller than that previously noted for the corresponding pair, cyclopentadieny! anion and 
furan, where the change is from 2486 to 1:18 (Table I). In consequence, (X11) is likely to have 
a fesonance energy about 16. In agreement with this, calculation gives the value 
(15°28 — 14°0)6 = 1286, which is higher than that for furan. In addition to the cyclo- 
heptatrieny! structure, a number of other structures may be used as a basis for estimating the 
resonance energy of (XII). Such comparative methods may be useful when the empirical or 
calculated value is unknown. The details of these methods are summarised in Table III. which 
also indicates where calculated or empirical values are used and whether the top molecular 
orbital is bonding or anti-bonding in tvpe. 


Taste Ill 
Resonance energy of the cyclic triene (X11) by comparative methods 
Modification corresponding Related change Deduced 


to (X11) Resonance* resonance 
Kesonance * energy energy 
procedure Structure.t energy (8 Structures. ¢ change (8) of (XID (4) 


O- by CH cH 2-1 (m.o.) 2-45 (m.o.) ~1 
to il fe) 


16% (m.o.) 


0-16 (e) 
to 1-1 fe) 


2-1 (m.o.) 


(B.) ‘B.) 
* (m.o.) indicates a calculated and (¢) an empirical resonance energy 
4) represents a top molecular orbital which is anti-bonding, (B) one that is bonding, and (Z) 
one that ts netther bonding nor anti- bonding 


When cyclooctatetraene is taken for comparison 2 (Table III), the resonance energy (1°686) 
calculated for the planar molecule is used rather than the small empirical energy (0°38) for the 
actual buckled molecule (Prosen, Johnson, and Rossini, /. Amer. Chem. Soc., 1949, 69, 2068) 

It will be observed that the comparisons given in Table III place the resonance energy of 
(X11) in the range 1—28. The reliability of the individual methods is not, however, the same. 
it will be less where the comparison of one structure having only bonding molecular orbitals is 
made with others which have non-bonding or anti-bonding molecular orbitals. This criticism 
applies to methods (1), (2), and (4). Method (3) is unsatisfactory because it involves a comparison 
of an open-chain resonating group with a cyclic group. Moreover, in (1) and (4) both charged 
and neutral molecules are involved in the comparison. In spite of these criticisms, it is evident 
that the comparative method gives a fair indication of the resonance energy in this instance 

In some instances, heterocyclic nitrogen compounds may also be considered on the present 
basis. As the electron affinity of nitrogen—though less than that of oxygen—is greater than 
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that of carbon, the replacement of a CH group by a nitrogen atom should reduce the resonance 
— Dewar, Trans. Faraday Soc., 1946, 42, 754). This particular replacement is, 
moreover, normally taken as leaving the resonance integral unchanged (Coulson and Longuet- 
Higgins, Trans. Faraday Soc., 1947, 88, 43; Coates and Sutton, J., 1948, 1187). Thus it is 
customary to use only a modified Coulombic term (W + 28), for the nitrogen atom, which 
indeed gives a suitable value for the resonance energy of pyrrole, at about 1°58 (cf. Table I). As 


Pia. 1. Fis. 2. 


The t om the derived resonance energy of Cpe of chtiivadt women of vinyl 
5 the Coulomb term for carbon atoms and free methylene radicals with the resonance 
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example, the substitution of nitrogen for the relevant CH group in (LX) gives 1 : 4-oxazine which 
like the parent, 2-pyran, is also unknown. In view of its low resonance energy, we would not 
therefore expect | : 4-oxazine to be formed by the dehydrogenation of morpholine, its tetrahydro- 
derivative. 

Finally, calculations were made for the furfury! radical and radical ions (see Table IV). In 
particular, they show the resonance energies of the free radical and the cation to be little affected 
by the use of the modified Coulombic term on the oxygen atom. It is unfortunate that no 
experimental values are available for comparison. 

Discussion.——While the resonance energy of furan is less than that calculated by the simple 
molecular-orbital method, the results given in Tables I] and IV show the additional resonance 
energy of vinylfuran and of the furfury! radical to be almost the same whether the simple or the 
modified molecular-orbital treatment is used. While such a result may be dependent on the 
basic assumptions of the methods used, it implies, if real, the additional resonance energy ascribed 
to an appendage to be almost independent of the resonance energy of the group to which the 
appendage is attached. Such a conclusion is, in fact, borne out by calculation in the hydrocarbon 
field. Thus the additional resonance energies, given by the molecular-orbital method, for both 

* Em values for some a +4. ‘ 
with — This pow thw Soy pm pe ms hey aes in five-membered 
rings by the molecular orbital method (Syrkin and Diatkina, Acta. Physicochim. U_R.S.S., 1946, 21, 641). 
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Tastz IV. 
The resonance energies of the furfuryl radical anton and cation. 


the vinyl and the methylene group attached to ring systems varying from ethylene (a two- 
membered “ ring “’) through cyclopropene and cyclobutadiene to naphthalene and anthracene 
are shown in Fig. 2. But for a curious jump for the (unknown) cyclobutadiene derivatives, the 
additional resonance energy of the vinyl! derivatives is around 0-4$(cf. Coulson and Longuet- 
Higgins, Proc. Roy. Soc., 1948, A, 196, 188), whereas the value for the substituted methyl 
derivatives is about twice as great (around 0°88), and this, even when the resonance energy of 
the ring systems varies from 06 to 56. The same conclusion can be drawn from molecular-orbital 
calculations for conjugated olefin structures, where the corresponding additional resonance 
energies tend to 0546 and 1°276, respectively, as the chain length increases (Hiickel, loc. cit.). 
While these values seem qualitatively correct for vinyl compounds, in view of their ready 
polymerisation, they are somewhat larger than the empirical resonance energies, where 
comparison is possible. By contrast, the calculations give too low a value for the resonance 
energy of the free benzyl radical (cf. Szwarc, Faraday Soc. Discussion, 1947, 2, 39). However, 
the approximate constancy of the resonance energies derived in these calculations seems to agree 
with experiment, as indicated by the results for the allyl, 2-methylallyl, benzyl, and picoly! free 
radicals (Sewarc ef al., J. Chem. Physics, 1948, 16, 128, 981; 1949, 17, 284, 292; Roberts and 
Skinner, Trans. Faraday Soc., 1949, 46, 339). As the calculated values for vinylfuran and the 
furfury! radical are similar to those derived for the corresponding hydrocarbons, it appears, 
somewhat surprisingly, that little change in self-polarizability can result from the presence of 
the ring oxygen atom (Coulson and Longuet-Higgins, Joc. cit.). 


The authors acknowledge with pleasure the assistance of Professor C. A. Coulson, F.R.S., 
preparation of this paper 


5, Liwoan Avenun, Stockton-on-Tees, Co. Duran. (Received, March 20th, 1950.) 





480. New Observations on the Elbs Persulphate Oxidation. 
By J. Forrest and V. Petrrow. 


Kiba persul phate oxidation of phenols has y + quantities of catechols (I1) 1n 
addition to bmw (Il. Substituted have been converted into derivatives 
of types (I) and (Il), 4-substituted ca (ILI) not being obtained. 


Tue formation of dihydric phenols by oxidation of monohydric phenols with potassium per- 
sulphate in alkaline solution, discovered by Elbs (J. pr. Chem., 1893, [ii], 48, 179), has formed the 
subject of numerous publications (see Baker and Brown, J., 1948, 2303, for a brief review). 
The reaction involves the intermediate formation of a potassium hydroxypheny] sulphate which 
is subsequently hydrolysed in acid solution to a quinol, a fact elegantly exploited by Baker and 
Brown (loc. cit.) for the preparation of quinol monomethy! ethers. Although the reaction 
mechanism proposed by the latter authors would lead one to expect the simultaneous formation 
of catechol and quinol derivatives from suitably constituted phenols, only quinols have hitherto 
been obtained; the formation of catechols, in somewhat lower vield, has been limited to cases 
in which Nn aro. re was occupied. 

We have recently had occasion to study the preparation of gentisic acid (I; R — CO,H) 
by the Elbs persulphate oxidation of salicylic acid (cf. Mauthner, ]. pr. Chem., 1940, 156, 150). 
Although the expected oxidation product was readily obtained in the crude state, purification 
presented, difficulty owing to the presence of a persistent acidic impurity. However, fractional 
distillation of the derived methyl esters led to ready separation of methy! catechuate (II; 
R = CO Me) in ca. 15% of the total yield of dihydroxy-acid 
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o-Nitro- and o-chloro-phenol and salicylaldehyde each similarly gave the catechol (11) and the 
quinol (I) derivatives (contrast Elbs, loc. cit.; Schering, G.P. 81,086; Baker and Brown, les. 


K R 
Ost Oa 
OH 
a) (T1.) (mit) 


cit.; and Neubauer and Flatow, Z. physiol. Chem., 1907, 52, 380. Further, m-substituted phenols 
[»-hydroxy-benzaldehyde (Hodgson and Beard, /., 1927, 2339) and -benzoic acid) gave com- 
pounds of type (I) with smaller quantities of compounds of type (II); 4-substituted catechols 
(IIT) could not be isolated. 

Potassium persulphate proved, in general, a more reliable oxidising agent than the corre- 
sponding ammonium salt (cf. Baker and Brown, loc. cit.), which gave variable total yields, but 


lead salts which was, in any case, best avoided when working with easily hydrolysed esters. 


EXPERIMENTAL. 


— — pees ae yyy & EH Fe 
out essentially as described by Baker and Brown (loc. cié.). All distillations were carried out using a 
nitrogen leak. The identities of the oxidation products were checked in all instances by mixed m. p. 
determinations with authentic materials. 

Goutiate call Gateiee> — .) was heated under reflux for §—10 
hours with methanol (11-7 | gums comets acid (180 ml.). Three-fifths of the 
— ween sated tate dractions t bp. 8540 101.). The product was extracted 
with ether (4 x 1-61.) and ted into 2 55-65" 0-5 mm. (175 g.), (ii) b. p. 66-05" 
0-5 mm. (ca. oo Fe oe pow Any lbeet b. p_ 130-1308 mm (475 g.), by distillation under reduced pressure 
employing a 6-inc * column. 


Fraction (i) eo ge of meth A ——— Fraction (iii) —* immediately crystallised from chlaro· 
sided to — ss redlotlled material of b: p: 80-85") 
vent and to fraction (ii) which was ———————— 


collected. 
fmt caees, Chea kone aie Beat eras ee 
Calc. for C,H,O,: C, 57-1; H, 4 8%). 


The ratio of gentisate : catechuate was approx. 6: 1. 


(b) py pe my ryt —22 acid (100 g.) 
pee eg solu of sodium —— cite 5 (138 g. * —— 
tem ure muxture was acidified to Congo-red and unchanged 
pers pow maar with ether. The aq ——— 

— ee ), and 


by distillation at hy ow ey 
bp mg.) "fouowed, by dition oder Peace prea 
57 and (ii), b. p. 05—125" 0-4 mm., which proved to be methy! gentisate itelon 
ratio = 20: 1 — 

— and 3-Nivocaichel—o-Nitrophenc (900 6.) was oxsind ‘cf. Elbs, loc. cit.) in sodium 
hydroxide solution (400 g. an Bt SS Gee See ammonium persulphate ( As ie SS Sao ot seams 

The | then acidified to Congo-red and filtered, and filtrate was heated at 

oe tor 90 mdantes. Tne peodect wes was extracted with ethyl acetate (3 = 1-5 1.), the solvent 
and the residue extracted with ether (3 x 1-51.). The material so obtained 
60-80"), the combined 








was y extracted 
extracts were freed from solvent, and the 
— — (7-5 g.), was obtained, and 
“1 g.), m. p. 86° (Found: C, 468; 


b. p 
urification from light (ormed yeligw needle 

H, 3-3; N,@4. Calc. for CsH,O.N : "C, 465: 32; 
The fraction insoluble in light petroleum was added igh-boiling residue and distillation 


— 
continued without acolumn. Nitroquinol was obtained, having b. p. 96—120° /0-5 mm. and forming red 
thombs (43-44 g.), m. p. 132-139" from boiling water (p/o ratio « 6: 1). 
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Quwinol and Catechol — The black sem:-crystalline cil (ca. 40 g ) obtained by oxidising phenu! » as heated 
under reflux with benzene for 10 minutes and allowed to cool; crude quinol (22 g.) separated and was 
removed. The benzene liquors were evaporated to dryness, and the residue was dissolved in 3% 
aqueous alcohol (100 ml.) (distilled water employed throughout) and treated with an excess of an aqueous 
concentrated solution of lead acetate. The flocculent white precipitate was coagulated by heating the 
mixture on a water-bath for 15 minutes. It was then collected and washed with a little alcohol, and the 
wet, uncaked product dissolved in hot aqueous acetic acid (40 mi. of 1: 1), diluted with water (200 ml.) 
and extracted with ether (3 x 150 mi.). The brown material so obtained gave catechol (20 ¢), b. p 
190....230", on distillation. After purification from benzene it formed shining plates (1-55 g.). m. p 
104.106" (Pound: C, 65-2; H, to Calc. for C,H,O,: C, 65-5; H, 55%) (p/0 ratio — 10: 1) 

Chloroquinol and 3-Chiorocatechol.—Distillation (column) of the black oily product obtaimed by 
oxidising o-chlorophenol (385 g.) gave fractions (i), b. p. 70——100°/1 mm. (16-5 g.), and (ii), b. p. 100 
120°/1 mm. (120 g.). Redistillation of fraction (i) gave 3-chicrocatechol (11-12 g.), b BT" | 
0-6 mm., crystallising from light roleuwm (b. p. 40-60") in white flakes, m. p. 46—47° (Found: C, 
1; H.34; Cl247. Cale. tor C,H,O,Cl; C, 40-8; H, 3-5; Cl, 24.5%) (pjo ratio = 10:1). Crystal- 
lisation of fraction (ii) from the chloroform gave chloroquinol (110 g.), shining white plates, m. p. 103 


Gentisaldehyde and Catechualdehyde —(a) Oxidation of salicylaidehyde (600 g.) gave a black tarry 
oxidation product (260 g.) which was shaken twice with boiling benzene (2 « 1-4 1.), the supernatant 
liquors being decanted cach time. The combined benzene extracts (charcoal) were concentrated to 
oa. 121., gentiaaldehyde (170 g.) separating on cooling, in feathery yellow plates, m. p. 98-90". The 
mother-liquors were taken to dryness, and the residue was distilled (column) under reduced pressure, 
the fraction of b. p. 60-..85°/0-2 mm. being collected. Crystallisation of this fraction from benzene- 

ht petroleum le" 40. 60°) gave catechualdehyde (2427 9 in lemon-yellow needles, m p 104— 
108° (Found: C, 60-2; H, 45. Cale. for C,H,O,: C, 09; H, 44%). A further —— (1-5 g. 
was isolated from the mother-liquors by the lead-salt technique. Gentisaldehyde (10 g.) (fraction, 
b. p. 85-115" 0-2 mm.) was obtained from the residue in the distillation flask (p/o ratio « 7: 1 

(6) =-Hydroxybenzaldehyde (100 g.) was oxidised as described by Hodgson and Beard (loc. cit.) 
and the product isolated with ether and distilled under reduced pressure (column). Catechualdehyde 
b. p. 70.80°/02 mm., distilled (Found: C, 61-1; H, 46. C for C,H,O,: C, 60-9; H, 44% 
followed by the main bulk of the geaticaldehyde b. p. 85--110°/0-2 mm. These were purified as before 
800 mg. and 18g.) (p/o ratio « 22: 1) 


The authors thank the Directors of The British Drug Houses Ltd. for permission to publish this work 


Curmical Resgarcn Laporatonies, 
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481. lon-exchange and Ion-sieve Processes in Crystalline 
Zeolites. 
By R. M. Barrer 


lon-exchange properties of analcite and chabazite have been investigated and compared by 
using percolation, hydrothermal, vapour-phase, and melt methods. Analcite interchanged 
Nat freely for K*, NH,*, Ag*, Ti*, and Rb*, but gave slight or negligible exchange of Na* for 
Li’, Cat, Mgr*, Cat*, of Batt. There was a complete son-sieve effect between Rb* (radius 
1-48 a.) and Ce (radius 1-654 Chabazite on the other hand exchanged freely among the ions 
Li*, Nat, K*, NH,*, Rb*, Ca*, Ag*, Tit, Cat*, Sr**, and Batt. Of ions tried only Mg** 
failed to exchange 

The extent of hydration of ion-exchanged forms was determined, and also the extent to 
which lattice modification through exchange could be detected by X-ray powder photography 
Minor changes from cubic to near tetragonal were often noted with ion-exchange analcites, but 
with chabazite there were no significant alterations. The ease of exchange is discussed in 
terms of the openness and character of the aluminosilicate framework cationic radius and 
valency, ion-hydration and other factors. Recrystailisation was often found to supersede ton 
exchange, and the formation of several species including pollucite was examined 


CuapaziTe [(Ca,Na,jO,ALO,,4Si0,, 6H,O), mordenite [(Na,,Ca,K,)O.Al,0,, 10Si0,,6§H,O), and 
analcite (Na,O,Al,0,.4510,,2H,O) form a triad of crystals permeated by interstitial channels 
which become progressively less open in the order given. The character and the dimensions of 
these channels have been closely studied by molecular-sieve methods (Barrer and Ibbitson, 
Trans. Faraday Soc., 1044, 4, 195, 206: Barrer, /. Soc. Chem. Ind., 1945, 64, 1307, 1321; 
Barrer and Belchetz, id., 1045, 64, 1317, Barrer, Trans. Faraday Soc., 1944, 40, 555; Barrer 
and Riley, /., 1948, 133). Some time ago an investigation was commenced of the ion-exchange 
properties of the three minerals, with a view to the production of modified molecular-sieve 
sorbents, and the study of ton-sieve behaviour among the species 

Part of this programme has been carried out. Mordenites modified by ion exchange show 
interesting gradations in molecular-sieve action (within limits set by the character of the 
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aluminosilicate framework) which lead to new possibilities of separating molecular mixtures 
(Barrer, Trans. Faraday Soc., 1949, 45, 363). A similar study of the effects of exchange on 
sorption equilibria has been made, by using some of the ion-exchange forms of chabazite to be 
described later (Barrer and Riley, Trans. Faraday Soc., in the press). lon-exchange processes 
involving analcite and chabazite will now be discussed and compared between themselves, and 
with those of mordenite (Barrer, J., 1948, 2158). These three zeolites differ, as ion-exchange 
media, from clay minerals and amorphous or gel zeolites in that they are not subject to marked 
swelling and shrinking during exchange. Because they are based on non-shrinking alumino- 
silicate frameworks they are potentially capable of functioning as ion sieves just as they function 
as molecular sieves. 

Previous work on exchange in crystalline zeolites is fragmentary. It includes, inter alia, 
studies on mordenite (Barrer, J., 1948, 2158) and chabazite (Wiegener and Cernescu, Trans. 
Internat. Congr. Soil Sci., 3rd Conf. Oxford, 1935, III, 5). Zoch (Chem. Erde, 1014, 1, 219) has 
made measurements on several zeolites, finding the ease of entry of the ammonium ion in the 
order chabazite and stilbite > heulandite > harmotome > scolecite, and Gans (/ahresb. 
Preuss. Geol. Landesanstalt, Berlin, 1905, 26, 188) had previously noted that chabazite, 
heulandite, and stilbite underwent exchange more readily than did analcite and natrolite. 
Clark and Steiger (Amer. J. Sci., 1902, 18, 27; Z. anorg. Chem., 1902, 29, 338; U.S. Geol. Survey 
Bull., 1902, 207), Steiger (Amer. J. Sei., 1902, 14, 31), and Hey (Min. Mag., 1930, 22, 422; 
1932, 28, 51, 243; 1933, 28, 421; 1934, 23, 483; 1936, 24, 227) have also made observations of 
ion exchange in a variety of crystalline zeolites. These data are difficult to compare. The 
crystal-chemical characters among the zeolites used are diverse; fibrous, laminar and robust 
framework crystals have all been used. Close comparisons like that now made between 
analcite and chabazite are essential for an understanding of ion exchange, and are a necessary 

to quantitative measurements suitable for testing and developing theories of ion 
exchange and of solid-state reactions. 


EXPERIMENTAL. 


Materials.—The chabazite crystals were naturally occurring white crystals from Kyogle, N.S.W., 
Australia, and pink crystals of Canadian origin were freed by hand picking from any rock 
matrix and ground before being used in — studies. Analcite was grown hydrothermally as 

Ey campeon Tet haat oD a They 
were formed by treating gels of roximate composition N 4SiO,.#H,O with distilled water 
at ~200° in steel autoclaves (cf. J., 1948, 127, 2158" _ Soc. Discussion, No. 5, 1049, 
p. 326). The yields of analcite approached 100%. 

The salts used were chlorides, carbonates, nitrates, nitrites, or sulphates 
barium, lithium, sodium, silver, potassium, ammonium, thall rubid 
possible they were of AnalaR quality. 


Ton-exchange Methods.-Four procedures for etiecting ion exchange were employed: percolation, 
hydrothermal, fusion, and vapour-phase methods. Percolation is a com tively mild technique, 
being confined as a rule to low temperatures (< 100°), Hydrothermal exchange reactions carried out 
in steel autoclaves were most commonly studied in the temperature range 150° to 310 The autoclaves 
had about 20-c.c. capacity. 1—2 G. of powdered zeolite crystals were mixed with an excess of the 
exchanging salt, placed in the autoclave with 5—-15 c.c. of water, and heated for periods between 12 hours 
and 5 days. T —2 were carefully washed free from entrained salts, and sometimes hydro- 
thermally extracted with distilled water. They were then dried and stored 

yy by the fusion method, t.¢., by use of molten salts, required the m. p. of the salt to be low 

danger of lattice collapse in the zeolite at the reaction temperature. Barium 
nitrite (in. p. 217 7 was used successfully to introduce barium into chabazite,* and lithium nitrate 
(m. p. 255°) was also used in this way. Exchange via the ee eee was limited to the use of 
ammonium salts and so to the introduction of ammonium ions, method was often remarkably 
efficient.t The method was used at 208°, 248°, 340°, and 350°, and easily produced NH,-analcite, 
-mordenite, and -chabazite. Both ammonium chloride and zeolite crystals were first outgassed to 
remove water and so prevent development of a high pressure of water vapour at the experimental 
temperature. Reaction was carried out in sealed tubes and, as before, all products were after 
reaction carefully freed from entrained and occluded salt 

Optical and X-Ray Examination of Products.—The — 
a Leitz polarising microscope. form 
in white light, but sometimes in sodium light. 


homogeneity or inhomogeneity of the products. X-Ray a 
Hilger HRX equipment with 9-cm. « and filtered Cu-A radiation. 
duration. In su uent measurements of the from 
diffraction arcs were at the same time estimated . The 


of calcium, strontium, 
and casium 














at once 





* Hydrothermal exchange with barium chloride was successful. 
¢t This procedure appears to have been originated by k and Steiger (loc. cit.). 
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close eamilarity between son-eachanged forms and the parent mineral, or showed when recrystallisation 
had occurred 


Chemucal Examination of Products. — ‘In a pumber of reactions the amount of the ion characterstic of 
determined 





Both were supplemented 
monstrate that no recrystallsation of the aluminosilica 


plete 
of the exchange products more complete chemica) anal 

including determinations of Al,O, > SiO, ratios. These analyses confirmed the assumption that in the 
caperimental conditions cation interchange normally occurred without change in the molar ratios of 
silica to alumina Standard analytical methods were employed for silicates and for the several cations, 
although in one or two cases special procedures were used. Ammonium was determined by decomposing 
the NH,-2eolite with botling concentrated aqueous sodiam hydroxide and absorbing the ammonia in 

standard acid. Water was determined measuring the total loss in weight on ignition (ammonia and 
water) and then calculating from the NH,* content previously found how much water had also been 
lost. 

Resuits..-Some of the successful ion-exchange experiments are summarised in Table |. The mildest 
method used was the percolation procedure, which revealed a marked difference between analcite and 
chabazite. At 20° and 100° analcite gave, by percolation, no evidence of exchange with magnesium 
chloride and calcium chioride solutions and only shight exx with aqueous potassium chloride. On 
the other hand, even at 20° projonged percolation of sodium c ide and potassium chloride solutions 
ee chabasite gave extensive exchange, only aqueous magnesium c still showed negligible 
interchange. These results accord with the more open diffusion paths permeating the chabazite crystals, 
compared with those in analcite, and with the less basigenic character of magnesium than of alkaline- 

and alkali metals * 


The more vigorous methods of effec ~ exchange (by use of fused salts, ammonium chloride vapour, 
ot bydrothermal treatment) demonstrated further differences between chabazite and analcite. Chabazite 
readily exchanged with Lit, Nat, K*, Rb*, Cs*, NH,*, Ag*, Cat*, Sr**, and Bat*. Mordenite (Barrer, 
J., 1948, 2158) has —— been shown to exchange with Lit, Na*, K*, NH,*, Ca**, and Ba**. In 
each case there was among these ions no critical factor of valency or of ionic radius. Crystals of both 
species may accommodate both uni- and bi-valent cations. Anaicite on the other hand underwent 
exchange with Nat, K*, NH,*, Ag*, Ti*, and Rb*; but with Lit, Cs*, Catt, and Bat? interchange 
ccourred only to a limited or negligible extent even under extreme conditions (Table 11). The crystal 
can readily accommodate only anivalent cations, but not ali univalent ions (see Discussion). 


There appears to be one difference between mordenite and chabazite. Chabazite (see Table 1) gives 
evidence of intracrystalline occlusion of salt in one or two instances, in addition toexchange. Mordenite 
Barrer, /., 19468, 2158) did not give evidence of this occlusion. This observation is in accordance with 
the more open channels in chabazite, as determined from its molecular-sieve properties. The channels 
10 chabazite are able to contain simple species such as ammoniom chioride in addition to the exchanging 
cations The sarrower channels in mordenite (and the still narrower ones in analcite) are unable to 
accommodate such species 


Reerystaliissation Reactions. —Recrystallisation reactions additional to exchange were observed with 
analcite and leucite under appropriate conditions using solutions of potassium hydroxide, sodium 
bydroxide, sodium fluornde, potassium fluoride, potassium carbonate, sodium carbonate, potassium 
chioride, sodium chloride, sodium sulphate, barium chloride, barium bromide, lithium chloride, and 
lithium nitrate. This led to a diversity of crystalline aluminosilicates and shows that analcite (or 
leucite), which is easily made in ~100%, yield, is an excellent starting material for syntheses of 
geochemical as well as chemical significance. These reactions will, however, be described in another 
paper 

Chabazite also underwent several recrystallisation reactions of considerable wterest. As noted in 
the previous section (see Table I1) it was impossible to obtain poilucite (1.¢., Cs-analcite) from analcite or 
leucite by son exchange, although the three species analcite, leucite. and pollucite are based upon nearly 
the same aluminosilicate framework (W. H. Taylor, Repts. Prog. Physics, 1939, 358) and leucite and 
anak ite are readily interconvertible merely by ton exchange (Na*,H,© interchangeable with K* + H,O). 
Nevertheless the mach more profound change of chabazite into pollucite occurred readily and 
unexpectedly under the conditions given in Table III 


Two additional recrystallisation reactions were obtained by using chabazite, each yielding species 
which have no natura! counterparts bat have previously been synthesised in the author's laboratory. 
These minerals were BaQ,Al,O, 4510, sBaCl, mH,O (n = ~0-66; 2 < m < 3) (Barrer, /., 1948, 127) 
and T1O,Al,0,. 4510, (H. F Taylor, /., 1049, \253) The barium mineral was formed occasionally 
when chabasite was treated at ~200° with water and excess of barium chloride (Table III). This 
mineral has been grown readily from analcite, leucite, and gels (Barrer, /., 1968, 127), and so its formation 
from chabazite was not — further 

ad — is not — found im any naturally occurring zeolites These comtaim as cations 
one or more of Na, K, Ca, Sr, and Ba. A similar experiment, in which chabazite was left in contact 
with aqueous ¢ sulphate for 18 months, gave no evidence of exchange of Na or Ca for feebly 
basigenic Co Only the surfaces of the chabazite crystallites became stained with a green basic copper 
sulphate ’ 
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Taste I. 
Successful exchange reactions with analcite and chabarite 
Reaction conditions Observations. 
(a) Synthetec anaictie (retractive index, w, 1-44,). 
Analcite given twotreatments X-Ray pattern identical with that of nat- 
with ag. KCl (KCI im ex- leucite. Na,O: Al,O, | S10, = 
cess) treatment, | + fy O91. 100:360; HO, 161%; «., 
day at 216°. 
Analcite heated with oe x- * at rather sumilar to that of leu- 
vapour at ~340° for 16 t with characteristic differences. 
hours. ; HO, 164%; Na and Cl, 


. ‘ 
Anaicite and an equal volume X-Ray pattern characteristic, based on anal- 
apy eeenpeery of cite and pollucite. «, 151. H,O, 19%. 
O for 48 hours at 182° Rb,O : Na,O = 0-85 0-15 (molar) 
anabetes (lg.) + TI,SO,(3g.) X-Ray pattern identical with that of Tl-anal- 
heated with 10 c.c. of H,O cite crystallised hydrothermally from 
and 2 dre 2n-NaOH ‘at TI,O,Al,0, 4510, gel (Taylor, J.. 1949, 
160° for 56 days 1253). Diffraction arcs remarkably simi- 
lar in opecing to Kb-analcite. «, 164. 
H,O, 05; TIO, 49-3% 
Analcite (1 g.) + AgNO, (3 X-Ray pattern very similar to that of anai- 
) heated with 10 c.c. of cite in spacings but not intensity. #, 1-56. 
fio at 160° for 5 days H,O, 86; AgyO, 20% 
(b) Chabarite (nm, 1-49, °). 

Chabazite heated with molt Analysis gave BaO ; Al,O, : SiO, = 
Ba (NO,), at 270° for 44 070-100-413; also H,O, 18 0%t 
hours 

Chabazite heated with “4 X-Ray pattern of chabazite with slightly 
SrCi, (salt in excess) for modified intensities. H,O, 19-3; 
days at 240 15%; SrO, 128%. Much occluded 

SrCl, removed (before X-ray and analysis 
made) by hydrothermal extraction twice 
at 248° for 2 days with distilled water 
The SrCl, could not be washed out at 100° 

(i) 4 G. of chabazite heated On heating of the uct at 350°, copious 
with solid NH,C! at 206° for NHC! evolved crystals viously 
22 hours —— washed. Thus 

been occluded. 0-120 G. of CaO in ‘mother- 
liquor from aqueous washings. 

(ii) Product from (i) heated Agam copious np evolved at 350° from 
with NH,Ci at 248° for 1 crystals washed and dried. Washings con- 

y tained 0-345 g. of CaO. X-Rag potuae of 
chabazite with xd ; *, 
1-48, 

Chabazite heated with aq. Considerable Ca displaced into washings 
LiNO, (salt in excess) for 2 Chabazite pattern with modified intensi- 
days at 248°. Two treat- ties. =, 1-48. H,O, 142; Li,O, 20; Cad, 
ments given. 3-4% (t.¢., about 30% exchange). 

Chabazite (<200 mesh) treat- X-Ray pattern of chabazite (also similar to 
ed with n-NaCl at 20° by that of allied a ; ae Tim Ane 
continued tion. zeolite gave CaO, 10-1; 0,2. ul 

— exc it contained 05% of CaO, 10-3% 
of Na,O and 23-7% of H,O and had » 1-47,. 

Chabazite (<200 mesh) treat- X-Ray pattern of chabazite with modified Exchange 
ed with n-KCi at 20° by intensities re! zeolite gave: CaO, extensive. 
continued percolation 10-1 and N After exchange it 

contained 8* 10; Na,O + K,O, 16:3; 
. 18%. am, 1-48. 

0-5 G. of chabazite + 1 g. of v pattern of chabazite with some modi- Exchange 

RbCI + 5c.c. of HO heated “fed intensities x (by wt.) of CaO extensive. 
22 Chabal 113%. », 1-48 
—— some modi- 








by using aqueous barium chloride. 
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Taste Il. 
Eaperiments demonstrating difficulty of exchangung Na* in anailcite for Li*, Ca*, Ca**, or 
X-Ray pattern 


(powder 
photograph). 


Ba**. 


Reaction 
conditions 
Anakite heated with 

molten LiNO, tor 

2 days at 200° ° 
Anaicite heated with 

molten Ba(NO,), 

for 44 bre. at 270". 


Analcite heated with 
aq. Ba(NO,), (salt 
im excess). Six 
treatments, each 
of 2 days, at 200 

Anaicite heated with 
aq. Ba(NO,), (salt 
im excess) Six 
treatments, cach 
of 2 days, at 208° 

Analcite heated with 
aq. Ba(NO,), (salt 
im excess). Four 
treatments, each 
of 2) days, at 310° 

Analcite heated with 
aq. Ba(NO,), (salt 
in excess). Five 
treatments, each 
of 1 day, at 176° 

Analcite heated with 
aq. CaCl, (salt in 
excess) Five 
treatments, each 
ef i2 hours, at 
aw 

NH,analeite pre-e (NH,),0: CaO: Al,O,: SiO, H,O « 
ared as in Table 0 0-41:100:3-32:1 Pro- 

(a) heated withaq duct still seolitic sorbent to NH,, 
Ca(NO,), (salt in but some decomposition 
excess Pour treat- 
ments, each of 3 
days, at 220 

NH, analcite as 
above heated with 
excess of CalOH) 

+H,O for 1 
hours at 280 

NH y-analcite as 
above heated with 
aq. CaCl (salt in ex- 


Observations (including anal) sis) 
Na,O, 13-6, Li,O, 084%, 


Conciaumon. 
N ble ex- 
=< 
Two expts. gave BaQ, 65% and neglig:- Exchange 
limited, and 
some decom- 
postion 
Exc 


Na,O (by diff.) : BaO “2S SiO, H,O 
limited 


—07 


Al,O, 
10 


sO, 
40 


H,O = Not 
aM or 
tome. Some 
amorphous. 


Largely 
amorphous. 


analcite Decomposition 

harmo- and partial 
recrystallis- 
ation. 


HO « 


mO 
32 


Decom posi- 
ae 


tion. 


BaO 
OOF 


Al,O, Analcite 


Na,O 
‘tes tow 


hy H,O = 
“108 


CaO 
0% 


Al,O, 
om 


SO. 


+08 


H,O 8 
i” 


Partial 
 hange 
with some 
decompos:- 
tion. 


ex- 


Material considerably altered Weak, and 
different 
from that of 


analcite 


Decomposition 
and recrys- 
tallisation 





Negligible NH,* displaced into solu- 
tion. #, 1-52, asin parent NH,-anal- 
cite. Ca,O, 023% 


Identical with Negligible ex- 
that of change 
NH,*-anal- 


cess) at 220° for 3 
days, then for 2? 
days at 200° with 
tresh CaCl ilg + 
H,O 15 < 

K -analcite (leucite) of 
Tatde I(a) heated 
with aq. Us | (salt 
in excees for 2 
days at 270 

Analcite heated with 
aq. CaCl (salt in 
excess) for 2 days 


at 270° 


# still 1-50, similar to that of 
original leucite 


orygna! 


nm, 1-40, (cf. 1-48, for analcite, and 1-52, 
for pollucite) 


cite 


Identical with 
that of K 
analcite 


Identical with 
that of anal- 
cite 


Neghgible ex- 
exchange. 


Negligible ex- 
change 


* Hydrothermal methods were also used employing aqueous lithium chloride and lithium nitrate, 
with an excess of the salt. The analcite, however, recrystallised into several new lithium alumino- 
silicates 
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Taste III. 
Exchange and recrystallisation of chabazite with CsCl, T1,SO, end BaCl,. 


——— conditions. Observations. X-Ray pattern Conclusion 
Chabazite (1 g.) heated with 5 i Similar to chab- 
2g. of 1222* of H,O tion. study azite 
—E—— 151° (see Table of 


1). 
rn ett (1 g.) heated with Similar to chab- 
of CaCl and 5c.c. of H,O azite but with 
, Small several weak 


i 2 days at 182° 
pollucite refiec- 
tions. 


c 
Chabazite (1 g.) heated with recrystallisa — 
.a C pollucite, » 1-522. Much 
CaO displaced into solu- 
thon. 


Product obtained above at Little further Ca displaced. Pollucite only. 
248° was further heated with Crystals, extracted several 
1 g. of CsCl and 10 cc. of times with distilled water 
H,O for 2 days at 248°. at 248°, liberated no Ca or 


Cl into mother-hquor 
Gate. (1 g.) heated with 3 


ally for 2 days at 220° until 
free from entrained T1,S5QO,. 


Chabazite (2 g.) heated with 
excess of and 5c.c. of 
H,O at 208° for 5 days. 


* Barrer, J., 1968, 127. 


The thallium mineral was formed as vidal when chabazite was PAY at 160° with 
some water and an excess of thallium te (Table III). H. F. W. Ta it 
from gels, and it has been found that the X-ray reality’ be a 
analcite (Table IV). —* showed that this mineral can be converted into ordinary analcite 


by the reversible exchange of Na*, with Ti? + H,O. Accordingly one may at quite low temperatures 
convert pabastee tote ons into analcite ty hie 8 procedure. 


X-Ray Examination of Ion-exchanged Forms —All ion-exchanged forms of chabazite and analcite 
were examined by X-ray powder photography. Within the closest limits it was possible to 
(i) the structural identity of leucite formed by ion exchange (i.¢., K-analcite) and a naturally occurring 
leucite, (ii) the identity of synthetic pollucite by chabazite and of a naturally 
occurring specimen, and (iii) the identity of the mineral grown from chabazite and 
Tl-analcite formed by ion exchange from analcite (Tables III and 


All the chabazite ——— — — — tn LA. Na, Ag, Sr, Ba, K, NH,, Rb, 
and Cs, were true chabazites wi — ee een an enn Gan amnes oF See 
gy om chabazite crystals, showing expected variations in relative intensities of some 

It may be inferred that the cha aluminosilicate framework is open enough and rigid enough 
—— accom: te all cations from Li* (the smallest; * + « 0-78.) to Cs* (the largest; + = 1-66 .), 
without significant alteration. 


The analcite ion-exchanged forms, although retaining the analcite structure closely, suffered some 
small adjustments in the aluminosilicate framework. These changes are compatible with the view that 
the volumes occupied in the lattice by the units H,O,Na* and Cs* are y thesame¢ Thus both 





* Ionic radii are taken from Evans, —— — Univ. Press, 1938, p ‘170. 
A similar set of radii 1s ow. by —* ature a the " Cornell Univ. Press, 1937, 
p. 346, and by Slater, " McGraw-Hill, 1939, p. 383. 

+ Pollucite is often Pome wal pe as (NayCa,)O, Al,O,, 4Si0,.H. ), i., with half the water present in 
analcite. This water may be associated with the sodium, in case a pure Cs-pollucite would be 
anhydrous; or it may be present in vacant sites in the crystal. W.H. Taylor (Z. Xristall., 1930, 74, a) 
states that there are 24 sites per unit cell in analcite, occupied by only 16 Na* ions, and im pollucite whic 
is isostructural with analcite an identical situation must arise Tasss ae Ghee fest cometh taraes aioe 
for water molecules to give the above formula; but these water molecules would not be associated with 
the Cs* ions. Moisture determination on a synthetic pollucite derived by recrystallising chabazite was 
not conclusive owing to the presence of a certain amount of the highly hydrated parent chabazite 
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Tapie IV. 
Identity of some natural and synthetic species. 
; : 71,0, 4510 
Va by mea 


Natural Synthetic 
trom chabazite. 


Spacing. I. 
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3-63 
3-35 
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340 
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® — Prof. Hawkes, Bedford College, Regent's Park, 
Lonadoa, N.W * 
t | = Intensity 


Taste V. 
Water content of ton-exchanged forms. 





a6. ». calc. for or 
0), > #510, HO No. of moles of 
(m= 6 chabazite and H,O unit of Hor 


H,O found, % 2 for analcite). MO), Al,O,, 4510, 
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analcite and pollucite gave cubic unit cells with 4 = | 
two different synthetic 
74, 1) a= 13-67 

was by 


chabazite crystals, 
excellent sorptive propert analcites, however, dehy: 
synthetic Na-analcite was found to sorb small polar gases only (H,O, NH,, HCl), and the sorptive 
properties of K- and NH,-anaicites were negligible 


Interstitial Water.—-The water contents of the various ion-exchanged crystals were determined as 
water there may thus be small amounts of adsorbed water). 
/. Col, 2 gives the total water content found, col. 3 that calculated 
for a formula M,O(or MO),A1,O,, 4Si0,,6H,0 on the of complete exchange, and col. 4 gives 
the number, #, of moles of water per unit (or MO), A1,0,,4Si0,. 
Among the analcites, only the Na*- and Ag*-ion-exchanged forms are hydrated. As noted in the 
vious section, the anh s character of the other ion forms depends more on the small 
interstitial volume available than on the affinity between water ules and ions. On the other hand, 
owing to the greater available interstitial volume in chabazite, all the ion 
and there are several water molecules per cation. The extent of h 


mone is compatible with the series 

orresponds to six water molecules per cakes ine oie . 

three water molecules ion for at least some univalent cations. If as is considered for some of the 
fibrous zeolites (W. H. Taylor, Proce. Roy. Soc., 1934, A, 145, 80) the water molecules are grouped directly 
around the cation, there would be a co-ordination shell of six water molec bir t cation, and 
of three for a univalent cation. 


sites. ‘acant sites can arise in a crystal in which all positions are occupied by univalent ions when these 
ions are replaced by half their number of bivalent ions. Another aspect of this replacement is considered 
below (see Discusmon). 


Discussion. 


Reference has been made (p. 2344) to the observation that although analcite, leucite, and 
pollucite are based on virtually the same aluminosilicate framework, so that analcite and 
leucite are readily interconvertible simply by ion interchange (Na*,H,O interchangeable 
with K* + H,O), nevertheless neither analcite nor leucite will give pollucite by ion exchange. 
This is a very good example of ion-sieve action. The ions Na*, Ag’, K*, NH,*, Ti‘, and 
Rb*, with radii 0°98, 1°13, 1°33, 1°43, 1°49, and 1°48 a. respectively, can diffuse into analcite 
crystals, but Cs* (radius = 1-65.) cannot. It follows that Na*—K* exchanges of the above 
type (i¢., analcite == leucite) are easily established, but that the Na*—Cs* and K*~—Cs* 
equilibria cannot be established. In the synthesis of pollucite the Cs* cations are accordingly 
locked within the crystal once and for all during its growth and can be released only by its 
recrystallisation or decomposition. The correctness of this view was further demonstrated 
by hydrothermal treatment of powdered pollucite with a series of saline solutions (sodium 
chloride, lithium chloride, sodium carbonate, ammonium chloride, and barium chloride) at high 
temperatures (~300°).$ | These treatments effected no observable change in the refractive index 
of the pollucite such as ion exchange normally produces (cf., for example, Table Ia). 


* This work, carried out with Dr. Riley, is described elsewhere (Trans. Faraday Soc., in the press). 

+ The energy of interaction of a permanent dipole of moment » with a charge cis EF, = —pe cos 6/r*. 
Taking the diameter of a water molecule as 2-8 a. and a fixed orientation, @, of the dipole axis relative 
to the line joining the charge and the centre of the dipole, and assumi 
radius of a dipolar molecule + the radius of the cation, one finds that £, 

wence Cat? > Sr** > Bat? > Lit > Na* > Agt > K* > NH,* > Rb* > Ce. 

tion energy of the molecule the cation, E, « —ae*/r*, where a is the 

molecule, one finds the same sequence in the ion series. With the exception of Li*, this series recalls the 
extent of hydration in ion-exchange chabazites shown in Table V. 

These treatments were carried out by Dr. H. F. W. Taylor. 
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Another aspect of the ion-sieve effect may help to explain the difficulty of obtaining Ca- and 
Ba-tich anakites (Table II). In analcite crystals, the interstitial channels suffer periodic 
restrictions sufficient to prevent diffusion of cesium. In these periodically restricted 
channels the replacement of uni- by bi-valent ions is shown by the change from Fig. | to 
Fig. 2, which give schematically the charge distributions. The bivalent cations cannot easily 
occupy positions at the restrictions in the channels for steric reasons; on the other hand, their 
presence in only half of the sites normal for univalent cations leads to a state of local disbalance 
of cationic and anionic charge. Since neither configuration is then very stable, exchange of 
uni- for bi-valent cations in analcite will be limited in extent. On the other hand, in chabazite 
and mordenite the restrictions in the interstitial channels are less marked, as demonstrated by 
their sorptive and molecular-sieve behaviour (cf. Barrer, Ann. Reports, 1944, 41, 31, for a 
summary of these properties). There is now adequate room for bivalent cations to occupy 
intermediate positions along the channel, the configuration shown in Fig. 3 becoming that in 
Pig. 4 when univalent are replaced by bivalent cations; local neutralisation of anionic charge is 
mach more nearly effected, and exchange proceeds easily either way 


Fie. I Fic. 2 


- — — | 26 ase. z= a. is 
+ ¢.4¢ ¢ .¢. 7 oo oe 
Se —_— — 


J 
V—— 
— — — 


L wal balance of disbalance of amsvonte and catiomu charges shown diagrammats. all), 
im relation to enterstitial channel dimensions 


Other factors are also considered to contribute to the extent of exchange. Very small ions 
such as Lit and Mg** do not interchange freely, but this may be associated with a high energy 
of hydration in solution and with changes in the degree of hydration during exchange.* 
Wiegener and Cernescu (loc. cit.) who compared the behaviour of Li*, Na*, K*, Rb", and Cs* in 
ion exchange in chabazite, emphasised the hydration factor, which they considered to be 
connected with the ease of entry (stated to be in the order K* > Na* > Li‘). However, the 
direction in which the hydration factor would operate is not certain; much must depend upon 
the ton being displaced 

The basigenic character of the element is also of significance. Magnesium is comparatively 
weakly basigenic and its salts are hydrolysed fairly easily to basic salts. Hydrolysis may be 
augmented ander hydrothermal conditions. Silver ions, on the other hand, are not strongly 
hydrated but the salts are not hydrolysed under comparable conditions. Silver, in fact, 
replaces other cations in chabazite and analcite surprisingly easily, but magnesium does not 
do so. It is thus clear that a diversity of factors may operate in controlling ion exchange. The 
factor of swelling and shrinking present in clay minerals and in gel exchangers has, however, been 
largely avotded in the present study by using crystals where shrinking and swelling are negligible, 
and these results may be to this extent simplified 


Maerscwat Cottece, Assapsen University Recewed, May Sth, 1950 


* Hydration cannot, however, control exchanges occurring from a melt, and the same difficulty arses 
whea Na* is replaced by Li* by this method (Table Il) as in hydrothermal! exchange. Hvdrolysis also 
cannot affect the results of exchange by fusion 
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482. Ultra-violet Spectrum and Constitution of 3-Hydroxy-2- 
naphthoic Acid and Related Compounds. 
By Ernst D. Beromanxyx, Y. Hinsuperc, and S. Povcuas. 
nee Coe sae 6 ee ——— ener Ory ————2 * 


by infra- 
— O-meth derivatives of the above and of salicylic acid and its ester and also of 
certain acetyinaph' are recorded. 


Ir has long been known that 3-hydroxy-2-naphthoic acid (I) and its methyl ag oy are yellow 
(Schmidt and Burkard, Ber., 1887, 20, 2702; Strohbach, Ber., 1901, 34, 4153; H. Meyer, 
Monatsh., 1901, 22, 791), whilst 1l-hydroxy-2- and 2-hydroxy-l-naphthoic acid and also 


Fie. 1. 








terse 
— alien a> -2. 


; methyl 3-hydroxy-2-maphthoate (++ °°) ; 
3-methoxy- 


acid (~~~); ——— — — xxx) 


3-methoxy-2-naphthoic acid (II) and its methyl ester are colourless. As no theoretical 
explanation of this somewhat surprising effect appears to have been attempted, an investigation 
was undertaken. Fig. 1 shows the of dioxan solutions of 3-hydroxy- and 
3-methoxy-2-naphthoic acid and of their methyl esters in the ultra-violet (and the visible) region. 
The spectra of the respective free acids and their methyl esters are identical, but there are 
visible differences between the 3-hydroxy-compounds on the one hand and the 3-methoxy- 


derivatives on the other: especially, the maximum at 3700 a. in the spectrum of the hydroxy- 
acid is shifted into the ultra-violet (3400 a.) upon 


A second effect becomes evident if one compares the spectra of the dioxan (Fig. 1) and of the 
ethyl alcoholic (Fig. 2) solutions of the four compounds. The hydroxylic solvent does not 
affect the spectra of the two methy! esters, while those of the free acids are somewhat influenced, 
probably owing to a loose addition of solvent molecules to the carbonyl double bond of the 
carboxyl group, as is known for aldehydes and ketones (Herold and Wolf, Z. physihal. Chem 


1931, B, 12, 165, 194). It is in keeping with this hypothesis that the influence of the alcohol 
— —— ——— — 
indeed, there is almost no difference in the position of the 


solutions of the two compounds. —— — — 
7M 
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intramolecular hydrogen bond im the former acid and, thereby, destroys the cause of the 
difference between the spectra of the two acids. 


Fis. 2. 





A⸗ 


AA. 


Alcoholic solutions of 3-hydrory-2-naphthore acid (——) ; methyl 3-hydroxy-2-naphthoate (-- 
3-methory 2-naphthot< (- ~~); methyl 3-methoxry-2-naphthoate (x * x). 


This difference in the solvent-dependency of the spectra of free aromatic acids and their 
methy! esters seems to be fairly general. Scheibe (Ber., 1926, 58, 2617; cf. Wolf and Strasser, 
* phy sihal. Chem., 1933, B, 21, 389) has shown that ethy! benzoate has almost identical spectra 

in heptane and in methanol solutions, and Fig. 3 and Fig. 4 
Fis. 3. indicate the differences between the ultra-violet spectra in 
ethanol and in non-hydroxylic solvents for benzoic and 1- and 
2-naphthoic acids. Whereas for benzoic and 2-naphthoic acid, 
the difference lies more in a decrease in intensity than in a 
shift of the maxima, on transition to ethanol, yet the effect in 
the case of l-naphthoic acid is remarkable inasmuch as the 
longer band shifts by 140 a. to the ultra-violet in ethanol, as 
compared with dioxan (the spectra of the two naphthoic acids 
in hexane solution have been measured by de Laszlo, Proc. Roy. 
Soe., 1926, A, 111, 355). 

It is interesting to compare the behaviour of the correspond- 
ing phenyl compounds with that of the above naphthalene 
derivatives. As Fig. 5 shows, salicylic acid and methyl salicylate 
have the same absorption spectrum in non-hydroxylic solvents, 
and the same holds true for o-methoxybenzoic acid and its 

A.A methyl ester. The longer absorption band of the hydroxy- 

Benzsete ecid iu isooctane | ) compounds lies again nearer to the visible than that of the 

and alcohol (- - -) corresponding methoxy-derivatives. Comparison with Fig. 6, in 

which the analogous absorption spectra in ethyl alcohol are 

collated, proves that in this case also, the methyl esters are not affected by the change of 

solvent, whilst the free aciis become more transparent in the hydroxylic solvent. However, the 

difference is smaller than in the naphthalene series (cf. Ley and v. Engelhardt, Z. physikal 

Chem., 1910, 74, 43; Ley, Z. wiss. Phot., 1919, 18, 177 (Centr., 1919, I, 947); Gibbs and Pratt, 
Centr, 1913, Il, 1045; Magini, /. Chim. physique, 1904, 2, 403). 
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The spectrographic data are summarized in Table I. 

In order to verify the hypothesis offered, the infra-red absorption of methy! salicylate and 
methyl 3-hydroxy-2-naphthoate was studied. In carbon tetrachloride solution, and at a 
concentration of about 0-1 g./c.c., they showed an absorption at 3192 and 3245 cm.~', ; 
and with approximately the same intensity. This indicates strong hydrogen bonding. Busweil, 


Fie. 4b. 











AA. 
1-Naphthoic acid in dtozan (——) 


and alcohol (- ~-). 


2-Naphthose acid im dioxan (——) 
and 


alcohol (- - -) 








AA. 
Alcoholic solutions of salicylic acid (—-) ; 


Dioxan solution salicyli id (na) > salicylate (~—~-); O-methomybensoic acid («++ *) 
salicylate —* pom wd Am R methyl o-methonybensoate (x x x). 
). 


methyl o-methonybenzoate (x x x 


Deitz, and Rodebush (J. Chem. Physics, 1937, §, 601) found the hydroxyl absorption in meth 
salicylate shifted to about 3960 cm.~* (ef, also Devies and Sutherland, ahs. — — 
modified carbonyl frequency, see Gordy, J. Chem. Physics, 1940, a, 616)" The hydrogen bonding 
in salicylic acid expresses itself equally in the unusually high dissociation constant of that acid 
(Dippy et al., J., 1937, 1421; —— Yabroff, J. Amer. Chem. Soc., 1934, 56, 2568). 

_ Now, a stable hydrogen-bonded implies the presence of a six-membered structure 
with two conjugated double bonds (Sidgwick and Callow, J., 1924, 126, 527; W. Baker, /., hoe 








2354 Bergmann, Hirshberg, and Pinchas: Ultra-violet Spectrum and 
Tasie I. 
Ultra-violet absorption maxima of aromatic o-hydroxy-acids and derwatwwes. 
- = 
371 


376 
373 


Solvent 
3- Hydroxy-2-naphth- 


ox acid 
3- Hydroxy-2-naphth- 
oe acid, methyl 


ester 
3 Methoxy-2-naphth- 
otc ac 
3-Methoxy-2-napbth- 


oie acid, methyl 
ester 


Fy Fo 


4 
> 
“+e £66 © > 


Sete 


Salicylic acid 


Salicylic acid, methyl 
ester 
o- Methoxy benzcic 
id 


a 
o Methoay benzoic 
acid, methy! ester Alcohol 


SSEEEi: Ti 
eterese 
REeESEEE 


1684; 1935, 628, 1036, 274, 346; Nature, 1936, 137, 236; Hathway and Hett, Trans. Faraday 
Soc., 1949, 45, 818) and therefore, in the case of 3-hydroxy-2-naphthoic acid and its methyl 


an) § av.) 
nN 4 ; A” 


i 


ester, unusually large double-bond character of the 2: 3-bond. The constitution at which one 
thus arrives, viz, (IV), contains an ortho-quinoid ring system and may well account for the 
yellow colour of these compounds. It has already been emphasized by Bergmann and Berlin 
(J. Org. Chem., 1939, 3, 246; cf. E. Bergmann and Hirshberg, /., 1936, 331) that the ability of 
2-hydroxy-3-acetyinaphthalene oxime to form a complex copper derivative, points in the same 
direction. In this connection, it is noteworthy that the general belief that the 3-position is not 
a real ' ortho-position " relative to the C,,, atom of the naphthalene nucleus, is based on an over- 
simplification of the facts. Huisgen (Annalen, 1949, 564, 16; cf. sbid., 1948, 559, 101) has 
shown that in Combes's quinoline synthesis (Compt. rend., 1888, 106, 142, 1536; Bull. Soc. chim, 
1888, 49, 89) 2-naphthylamine readily gives linear, not angular, annellation if the 1-position 1s 
suitably substituted. On the other hand, no hydrogen bonding was detected in 3-nitro-2- 
naphthylamine by infra-red absorption measurements or determination of the basic strength 
(Bryson, Trans. Faraday Soc, 1949, 46, 257; Hathway and Flett, sid., p. 818; cf. also 
Nolan, Slavin, and Wheeler, ]., 1050, 340; Ketelaar and van Dranen, Rec. Trav. chim., 1950, 
69, 477) 

In order to complete this study, the infra-red and ultra-violet absorption spectra of l-acety!- 
2-naphthol, 2-acety!-I-naphthol, and 3-acetyl-2-naphthol were investigated. These measure- 
ments supplement the recent observations of Melchior (J. Amer. Chem. Soc., 1949, 71, 3647, 
3651) on the isomeric ortho-hydroxynaphthaldehydes. In tsooctane solution, each of the three 
hydroxy-ketones shows three absorption bands; the longest one distinguishes the 2 . 3-compound 
from its isomers; its maximum lies at 3900 a. (as against about 3600 a. for the isomers) (Fig. 7; 
Table II). In alcoholic solution, too (Fig. 8), there are pronounced differences: the spectrum 
of the 2. 3-compound is practically unaffected, that of l-acety!-2-naphthol loses its structure 
without material change in location or intensity of the bands, and that of 2-acetyl-l-naphthol 
also shows less fine-structure, bot a certain increase in the intensity of the longest band. In the 
infra-red region, |-acetyl-2-naphthol shows very clearly the shift characteristic of the hydrogen- 
bonded hydroxy! (at 3360 cm.-"), and in both 2-acetyl-1-naphthol and 3-acety!-2-naphthol the 
hydroxy! band has merged into the C-H absorption between 3100 and 2900 cm.-'. The effect 
is marked, but it seems that the carbonyl group in these ketones is less responsive to hydrogen 
bonding than the carbomethoxy-group in the corresponding esters. It may be added that in 
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2-hydroxy-1l-naphthaldehyde, too, which was studied for comparison, hydrogen bonding is 
indicated by the shift of the hydroxy! absorption to 3240 cm.-'. 

Fie. 7. 


3693 ——3tss ——=xtas 
AVA. 


1-acetyl-2-naphthol (- - -): 3-acetyl-2-maphthel (-- -- 





isoOctane solutions of 2-acetyl-1-naphthol (——) , 
Fic. 8. 











Oe er ae Toe 
AA. 


) S-acetyl-2-maphthel (- ++ 


4lcoholu solutions of 2-acetyi-\-naphthol (——) ; l-acetyl-2-naphthol (- 


Taste Il 
Ultra-violet absorption maxima of the o-acetyinaphthols. 


Solvent. 
-Hydroxy-3-acetyl- ...... isoOctane 
Alcohol 


-Hydroxy-l-acetyl- 


-Hydroxy-2-acetyl- 
* This maximum is accompanied by two ones (2640 4. (4-50) and 2050 a. (3-75)). 
* Slight maximum at 2640 a. (4-38). 
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EXPERIMENTAL. 


The ultra-violet absorption spectra were measured by means of a Beckman , the 
infra-red spectra by means of o Perkin-Elmer instrument (Model 12 C). In latter case, carbon 
tetrachloride was used as solvent. —— experimental data were recorded, a lithium fluonde 
and a Ol-mm. cell bei — — 01 g.j/c.c.; absorption at 
optical density, 0- Methy! wale absorption at 3192 em., optical 
* Hydroxy -3-acetyinaphthalene, > absorption in the 31003400 a. region 
(near the C-H band). 2-Hydroxy-l-acet absorption at 3360 cm“, optical 
density O18. 1-Hydroxy-2-acetyl ; absorption at 3330 cm“, optical 
—— 607. 2-Hydroxy-|-naphtha yde, ‘ot g.jcc.; absorption at 3240 cm.‘ (approx 
denaity 0.03 
Materials....Benaoic acid, salicylic acid, methyl salicylate, sete an acid, 3-hydroxy-2- 
naphthotc acid, and 2-hydroxy-!-naphthaidehyde were commercial samples purified by the 
customary methods. Methyl o-methoxybenzoate was prepared by —— — * acid with an 
excess (3 mois.) of diazomethane, b. p. 127°/11 mm. (v. Auwers, Annalen, 1015, 252). Methyi 
B-hydroxy-2- Yate nk was prepared according to Cohen and Dudley (/., 1910, 97, 1748; ef. Beilstein, 
Ist Se Vol P 145); from methanol; m.p. 94°. Methy! 3-methoxy- -2-naphthoate was also obtained 
by methylation of 3-hydroxy-2-naphthoic acid with diazomethane (3 mols.) ; it boiled at 217° /30 mm. 
and was recrystallized from light petroleum; m. p. 49° (Werner and Seybold, Ber., 1004, 37, 3661 
Alkaline hydrolysis, according to Cohen and Dudley (loc. cit.), gave 3-methoxy-2-naphthoic acid ; 
m. p. 133°, from dilute alcohol 


l|-Acetyl-2-naphthol was prepared (Fries, Ber., 1921, 64, T11; Fries and Ehlers, Ber, 1923, 56, 
1305) by Fries arrangement of -naphthy! acetate (Miller, Ber., 1881, 14, 1602); it boiled at 183-— 
185° /26 mm. and crystallized from light roleum in diamond-shaped crystals, m. p. 65°. 2-Acetyl-1- 
naphthol (Witt and Braun, Ber., 1914, 47, 3219) was obtained by acetylation of om pono iN presence 
of sine chloride as catalyst. Repeated crystallization from isopropanol and gave well-defined 
crystals of m. p. 101". 

For the synthesis of 3-acetyl-2-naphtho!l the method of Fries and Schimmelschmidt was employed 
(Ber, 1025, 66, 2834; cf. FE. Bergmann and Berlin, loc. eii.). 

For the synthesis of the naphthoic acids, the Grignard reaction was used (Org. Synth., Coll. Vol. I, 
p 425, Gilman and St. John, Rec. Trav. chim., 1920, @, 744); both acids were recrystallized from 
dibutyl ether; m. p. 161° and 185", respectively. 

In the determination of the ultra-violet spectra, the authors were assisted by Mrs. H. Hartstein. 


Dawiet Stare Reseancn Insrireurs, 
Weiewanyw Inetirete or Sctaence, Renovoru, Isnaet (Received, May 15th, 1950.) 


483. The Action of Grignard Reagents on Anhydro-sugars of Ethylene 
Oxide Type. Part I. The Behaviour of Derivatives of «-Methyl- 
2: 3-anhydroalloside towards Methylmagnesium Iodide. 


By F. H. Newtnu, G. N. Ricnarps, and L. F. Wicorns 


4 6-Benzylidene a-methyl-2. 3-anhydroalioside and methyimagnesium iodide give only 
4. 6-benzylidene a-methy!-3-iodo-3-deoxyglacoside, the structure of which is proved by 
conversion into the known 4 6-benzylidene 2-methy! «a-methyl-3-deoxygiucoside. However 
4 6-dimethv! « methy!-2: 3-anhydroallomde gives 4. 6-dimethy! «a-methy!l-2-i0do-2-deoxy 
altroside, 4: 6-dimethy! «-methyl-3-iodo-3-deoxyglucoside, and 4:6-dimethy! «-methy! 
3-methyl-3-deoxyglucoside. The structure of the last compound is only tentatively 
assigned; those of the other two are proved-—that of the iodoglucose derivative by 
synthesis of its acety] derivative from 4: 6-benzylidene «-methyl!-3-iodo-3-deoxyglucoside 
and that of the todoaltrose isomer by conversion into 3° 4 6-trimethy! e-methy!-2-deoxy 
alloaxie and synthesis of this material. The proportion in which the three products from 
4 6-dimethy! «methyl-2 S-anhydroalloside and methyimagnesium todide are formed varies 
with the reaction temperature 


Reactions between compounds of ethylene oxide type and Grignard reagents have long been 
known and at first it was accepted that the normal reaction was that in which opening of the 
ring by RMgX occurred to yield compounds of the type R°CHR-*CH(OH)-R”. Thus, Henry 
(Compt. remd., 1907, 145, 453) found that propylene oxide and ethyimagnesium bromide yielded 
pentan-2-ol. It soon became apparent, however, that certain reactions which were at first 
regarded as abnormal were in fact quite common. These resolved themselves into two classes : 
(i) the formation of halogenohydrin derivatives, and (ii) rearrangement of the epoxy-compound 
to a ketone or aldehyde which then reacted with the reagent in the usual way. Blaise (Compt 
vend., 1902, 134, 551) first noted that ethylene oxide and ethylmagnesium bromide formed 
ethylene bromohydrin, and Grignard (Bull. Soc. chim., 1903, (iii), 29, 946) then showed that, 
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by conducting the reaction at 15° and removing the solvent ether by distillation before 
, m-buty! alcohol was obtained. a nnn as 1960, 1566) 
: 6-diepoxyhexane 


becomes increasingly likely that this type of reaction is the more common. The rearrange- 
ment type of reaction described for 2 : 3-epoxy-»-butane and 1 : 2-epoxyisobutane by Henry 
(Compt. rend., 1907, 145, 406) and for styrene oxide by Tiffeneau and Fournier (Compt. rend., 
1908, 146, 097) seems at the moment to be of les importance in the field under consideration. 

In view of these early results it appeared probable that the reaction between methyl- 
magnesium iodide and an anhydro-sugar of ethylene oxide type would yield either a C-alkyl 
sugar or an iodo-sugar derivative. Moreover, if ring scission with the Grignard reagent 
followed the usual course (see Peat, Adv. in Carbohydrate Chem., 1946, 2, 37:, two isomers 
of each type should be isolable. Thus, provided that ring scission of the oxide ring does in 
fact take place in the same way as that effected by means of acids and alkalis (Peat and 
Wiggins, /., 1938, 1810; Newth, Overend, and Wiggins, /., 1947, 18), we should expect to 
obtain, from 4: 6-dimethy! a-methyl-2 : 3-anhydroalloside (I) and methylmagnesium iodide, 
any or all of the following compounds: 4: 6-dimethyl 2-methyl-3-methyl-3-deoxyglucoside 
(II), 4:6dimethyl «a-methyl-2-methyl-2-deoxyaltroside (III), 4: 6<dimethy «-methyl-3- 
iodo-3-deoxyglucoside (IV), and 4: 6-dimethy! a-methyl-2-iodo-2-deoxyaltroside (V). Both 
types of reaction will doubtless prove of value in synthetic carbohydrate 

The action of methylmagnesium iodide on two derivatives of a-methy!-2 : 3-anhydroalloside 
has now been investigated. 

4: 6-Benzylidene «-methy!-2 : 3-anhydroalloside (V1) and methylmagnesium + iodide in boiling 
tetrahydropyran gave only (00%) a 4: ¢-bensylidens a-methy!l-sododeox yh , Characterized 
as the crystalline 2-tol te ; no C-methy! sugar was found. That the iodo-sugar was 
either 4: 6-benzylidene a- -methy!- .3-iodo-3-deoxyglucoside (VII) or 4: 6-benzylidene a-tmethy!l- 
2-iodo-2-deoxyaltroside (VIII) was shown by its alkaline hydrolysis to the anhydroalloside 
(V1) in excellent yield, this behaviour paralleling that of «-methy!-3-chloro-3-deoxyglucoside 
and a-methyl-2-chloro-2-deoxyaltroside (Newth, Overend, and Wiggins, Joc. cit.). Aqueous 
oxalic acid removed the benzylidene group from the iodo-derivative, and a crystalline methyl- 
iodohexoside, which was cither a-methyl-3-iodo-3-deoxyglucoside (IX) or a-methyl-2-iodo-2- 
deoxyaltroside (X), was obtained. Evidence in favour of (IX) was that the compound did not 
react with acetone and sulphuric acid; a compound (X) would have formed the 3 : 4-sepropyl- 
idene derivative, as does the 2-chloro-analogue (Newth, Overend, and Wiggins, Joc. ci#.). Final 


CH,y-OMe CH,-OMe CH,-OMe CH,-OMe 
.o H oH ~O — 
— * | 7 
Me OMe OMe 


OH OH H 
(iL) 








CHyOMe 
H oF H 


“ ’ J Ae 
“ ' * n ' ” 
Met —X—A Me PhCH- NY, rien 
On H 
(V.) (Vl) 
o——CH, CH,OH CHyOH . 
H AS -o, i H — H 

* /a = i 

<< 7 > K : | KS «7 
Ph-CH—O OMe OMe HO “ome PrtH—o OMe 

ou On i H 


OH H OMe 
(VIL) (™.) (X.) (XI) 


proof was obtained by methylation of the 4: 6-benzylidene a-methyliododeoxyh de with 
silver oxide and methyl iodide to give a moaomethyl derivative from which the iodine atom 
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was removed by hydrogenation, the product being 4: 6-benzylidene 2-methy! «-methyl-3- 
deoxyglacoside (X1) (Prins, Helv. Chim. Acta, 1946, 29, 1). 

of methylmagnesium iodide on 4: 6-benzylidene a-methyl-2 : S-anhydroalloside is (VII) and 
— ene ee ee 


Scan dl Ganon only one product, namely 4: 6-dimethy! a-methyl-3-iodo-3-deoxy- 
se was expected to be formed from 4: 6-dimethy! «-methy!-2 : 3-anhydroalloside (I) 

and methyimagnesium iodide, but in fact a complex mixture was obtained. It was only possible 
to isolate the individual constituents in rather poor yields. When the reaction was conducted 
at 35° 4 crystalline and two liquid products were isolated; of the liquid substances, one 
contained iodine and the other did not. 

The crystalline material was 4: 6-dimethy! 2-methyliododeoxyhexoside which theoretically 
must be either 4: 6-dimethy! a-methyl-3-iodo-3-deoxyglucoside (IV) or 4: 6-dimethy! a-methyl- 
2-i0do-2-deoxyaltroside (V) It afforded the onginal anhydroalloside (1) on alkaline hydrolysis 
Its structure was finally settled as (IV) because the acetyl derivative was identical with that 
synthesized as follows from the known deoxyglucoside (VII). (VII) was acetylated and then 
hydrolysed with dilute oxalic acid, with the formation of 2-acetyl a-methy!-3-iodo-3-deoxy- 
glucoside (XII) which on careful methylation furnished 2-acety! 4 : 6-dimethy! 2-methy!-3-iodo- 
3-deoxyglucoside (XII1)} 

The liquid products were separated by the fractional distillation of their acety! derivatives. 
Ultimate analysis showed the higher-boiling substance to be an acetyl dimethyl methyliodo- 
deoxyhexoside which on alkaline hydrolysis gave 4: 6-dimethyl a-methyl-2 : 3-anhydro- 
alloside in good yield and was clearly different from the crystalline 2-acetyl 4: 6-dimethy! 
a-methyl-3-iodo-3-deoxyglucoside, so that it is assigned the structure (XIV). The iodine atom 
was readily removed from this by reduction with sodium amalgam in buffered solution, which 
also hydrolysed the acetyl group and furnished 4 : 6-dimethy| a-methy!-2-deoxyalloside (XV). 
Methylation gave 3: 4: 6-trimethy! a-methy!l-2-deoxyalloside (XVI) (sample 1). Proof of the 
structure of this and hence of the 4: 6-dimethy! a-methy!l-2-iodo-2-deoxyaltroside precursor 
was furnished by a synthetic procedure. 4: 6-Benzylidene a-methyl-2 : 3-anhydroalloside 
with ethanethiol in the presence of an equivalent amount of sodium methoxide gave liquid 
4: 6-benzylidene a-methy!-2-ethyithio-2-deoxyaltroside (XVII) [Jeanloz, Prins, and Reichstein 
(Hele. Chim. Acta, 1946, 29, 371), from methanethiol and the same anhydro-sugar, obtained the 
amorphous 4: 6-benzylidene a-methyl-2-methylthio-2-deoxyaltroside and proved its structure). 
Methylation of the 2-ethylthio-derivative (XVII) with methy! iodide and silver oxide gave 
crystalline 4: 6-benzylidene 3-methy! a-methy!-2-ethylthio-2-deoxyaltroside (XVIII), from 


CHyOH CHyOMe CHyOMe CHyOMe 


ou — H H — 0 H A—O7. H 
. a / . 
Na if 
OMe ‘ Mew) OMe OMe 
H OAc AcO H OH H 
Xl ) ‘ (XIV.) XV.) 


CHyOMe — Qo-——CH, CH,yOH 
H ou i H ou ‘4 


ey Yh ass PhCH X Fis, PCH 3 hoes —M 


HO OMe 
Met) H OH H Me) H Me) H 
XVI XVII XVIII XIX.) 


which Bougault, Cattelain, and Chabrier's procedure (Bull, Soc. chim., 1940, (v), 7, 781) removed 
both the ethylthio- and the benzylidene group, affording 3-methyl 2-methyl-2-deoxyalloside 
(XIX When this was fully methylated, 3: 4: 6-trimethy! «-methy!-2-deoxyalloside (XVI) 
(sample 2) was isolated, identical in respect to specific rotation, refractive index, boiling point, 
and rate of hydrolysis with sample | 

The halogen-free hquid product from the action of methylmagnesium iodide on 4: 6-dimethyl 
a-methyl-2: 3-anhydroalloside was shown by ultimate analysis to be a trimethyl! methylideoxy- 
hexoside—-theoretically 4: 6-dimethy! a-methy!-3-methy!-3-deoxyglucoside (II) or 4: 6-di- 
methyl a-methy!l-2-methyl-2-deoxyaltroside (I1[}. Its identity has not yet been definitely 
established but evidence is presented that it at least contains the glucoside (II). The main 
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difficulty has been failure to obtain crystalline derivatives (it formed a liquid toluene-p- 
sulphonate derivative, and after acidic hydrolysis gave a non-crystalline trimethy! deoxy- 
hexose). Oxidation of the free sugar with bromine water gave a carboxylic acid lactone, but 


CH, OMe 


—OH 
KS. 9 CO-NH, 
MeO 


H OH 
(XX.) 


neither this nor its amide was solid. Whether this amide is (XX) or (XX1) depends on 
whether the glycoside precursor is a derivative of glucose (II) or altrose (III). The amide 
(XX), possessing a hydroxyl group adjacent to the carbamy! group, should give a positive 
Weerman test; the altronamide (X XJ) is not an a-hydroxy-amide. The syrupy amide isolated 
did in fact respond to the Weerman reaction and hence must at least contain the gluconamide 
(XX). 

When methylmagnesium iodide and 4: 6-dimethyl a-methyl-2 : 3-anhydroalloside reacted 
in ether at 35°, only 58% of the crystalline product, 4 : 6-dimethy! «-methy]-3-iodo-3-deoxy- 
glucoside, was obtained, but at — 15° the yield of this was 36°8%. At 86° in boiling tetrahydro- 
pyran, a still higher yield of 42% was obtained. The low yield of iodo-glucoside at 35° was 
not fortuitous since similar results were obtained when the experiment was repeatedly carried 
out. 

Discussion.—Scission of an ethylene oxide ring asymmetrically situated in a sugar molecule 
has been shown to take place in both possible directions, invariably with Walden inversion, 
whether the reagent is alkaline or acidic. Thus, 4: 6-dimethyl §-methyl-2 : 
and hot sodium hydroxide solution gave both 4: 6-dimethyl 6-methylaltroside (XXII) and 
4: 6-dimethyl 6-methylglucoside (XXIII) (Peat and Wiggins, /., 1938, 1810). Similarly 
treatment of 4 : 6-benzylidene a-methyl-2 : 3-anhydroalloside with hydrochloric acid in aqueous 
acetone effected hydroly sis of the benzvlidene residue and scission of the anhydro-ring with 
the formation of a-methyl-3-chloro-3-deoxyglucoside (XXIV) and a-methyl-2-chloro-2-deoxy - 
altroside (XXV) (Newth, Overend, and Wiggins, joc. cit). 


CH,yOMe CHyOH 
OMe 
H ao, 


Se 
Na no f 
MeO Hu 
OH H OH H 
(XXIL) (XXIIL) Fe (XXV.) 


When a Grignard reagent attacks the oxide ring the mode of reaction must be essentially 


the same as that occurring with acid or alkaline reagents, irrespective of the way in which the 
Grignard reagent itself behaves. The Grignard reagent, however, may ionise two ways: 


2RMgX — 


* + X- 
R- + MgX* 


|= RyMg + MgX, 


and any of the ions produced may attack the carbonium cation transiently formed at either 
of the two carbon atoms involved in the oxide ring. 

There will assuredly be a competition between the two reagents R™ and X~. Attack on 
the carbonium cation by R~ will lead to C-alkyl-sugar derivatives, whereas that by X~ will 
result in the formation of halogeno-derivatives. The ions R~ and X~ may arise, however, on 
the decomposition of a complex of the ethylene oxide ring with MgR, or with MgX,. This 
complex may arise from that of the type proposed by Meisenheimer and Casper (Ber., 1921, 
54, 1655) for a Grignard reagent and ether, by the substitution of one of the ether molecules 
with the ethylene oxide compound; it may be formed by the anhydro-sugar and either the 
dialkylmagnesium or the magnesium dihalide. Its hydrolysis would be expected to lead to the 
formation of R~ or X~ together with a carbonium cation liable to attack (accompanied by 
Walden inversion) by these ions. The following scheme represents a possible course for the 
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reaction of the ethylene oxide with dialkylmagnesiom and may equally be applied to that 
involving magnesium dihahdes . 


Et,0 * 


H--C—OH H—¢ ' 
. o ,ORL <— . pOEL, + R- 
& 


M - i 
k—C—H . R—C-H *Mg 
4 / q 


Et,0 


Since experiments have demonstrated that the reaction of a Grignard reagent with 4; 6-di- 
methyl and 4; 6-benzylidene «-methy!-2 : 3-anhydroalloside leads primarily to the iodo-sugar 
derivatives the main attack on the oxide ring is by the iodide ion, probably produced from 
the decomposition of an intermediate complex. This being the case, it would be expected that 
maguesium iodide itself could effect ring scission of the ethylene oxide ring. When this 
reagent was heated in ethereal solution with either 4: 6-benzylidene or 4 ; 6-dimethy! a-methy!- 
2: Danhydroalloside, 4. 6-benzylidene and 4: 6-dimethyl a-methyl-3-iodo-3-deoxyglucoside 
respectively were obtained. The action of other magnesium halides on anhydro-sugars of 
ethylene oxide type is being studied and it appears that this reaction provides a convenient 
and apparently a general method of preparing halogeno-sugars. Also, since in certain cases 
these halogen atoms may be replaced by hydrogen, the procedure leads to the synthesis of 
deoxy-sugars. The formation of halohydrins from non-sugar ethylene oxides and magnesium 
halides has been observed by Ribas and Tapia (Anal. Fis. Quim., 1930, 28, 636) who isolated 
i-bromo-1-chloropropan-2-ol after treating epichlorohydrin with magnesium bromide in ether 
and obtained | : 3-dichloropropan-2-ol when epichiorohydrin was treated with zinc chloride 
im ether 

The formation of the more interesting C-alky! sugars will doubtless involve the reaction of 
diaikylmagnesium or other similar organometallic derivative with the ethylene oxide com- 
pound. It has already been mentioned that these substances may be formed through the 
omerisation of the ethylene oxide to a ketone and the subsequent action of the Grignard 
reagent thereon. The mode of formation of the C-alky! sugars is however at present under 
investigation and we prefer to make no definite statement about the mechanism now. 

In the reaction of the benzylidene anhydroalloside (VI) with methyimagnesium iodide, only 
4: 6-benzylidene a-methy!-3-iodo-3-deoxyglucoside (VII) was obtained and that in 80°, yield 
It is noteworthy that when the same anhydro-compound was treated with sodium methoxide 
or ammonia (/., 1938, 1810) the main product, obtained in approximately 90°, yield, was 
respectively a 2-methy!- or 2-amino-altrose derivative, the 3-methyl- or 3-amino-glucose 
derivative being obtained in, at most, 10% yield. Thus, in this particular case the relative 
proportions of ring scission products were reversed when the reagent used was magnesium 
wxlide. The altrose isomer was also a minor constituent amongst the products of the more 
complex reaction of methyimagnesium iodide with 4: 6-dimethy! a-methyl-2 : 3-anhydroalloside 


EXPERIMENTAL. 


Treatment of 4. 6-Beneylidene a Methyl.2  3-enhydroallonde with Methyimagnestum lodide.—The 
alloside (74 « Richtmyer and Hudson, /. Amer. Chem. Soc., 1941, 63, 1727), m p. 199-200 
dissolved in warm dry tetrahydropyran (200 c.c.), was added to a Grignard reagent prepared by 
warming methyl iodide (5-0 g) in pis tetrahydropyran with magnesium turnings (0-9 g.) for 2 hours. 
An exothermic reaction took place and a white solid separated. The mixture was boiled for 2 hours, 
cooled, and treated with powdered ice, followed by dilute hydrochloric acid until all the solid had 
dissolved. The tetrahydropyran layer was separated and the aqueous layer extracted with a further 
quantity of solvent. The combined extracts were washed with dilute sodium carbonate solution and 
with water, dried (Mg5SO,), filtered. and evaporated. Crystalline 4° 6-bensylidene a-methyl-3-iodo- 
S-drosygincoside (13-6 g., 80%) remained. This, after being recrystallised from alcohol, had m. p 
196.196" and {« 5S” (¢, 1-00 in chloroform) (Found: C, 42-8; H, 43; OMe, &3. C,,H,,O,! 
requires C, 42-0; H. 44; OMe, 79%). No other product was isolated 


4° @ Renrylidene 2-Toluene-p-suiphony! a-Methyl-3-10do-3-deorygiuconde —The above compound 
(O2 g.) was treated in dry pyridme with tolvene-p-sulphony! chloride (0-15 g.) at room temperature. 
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After being kept overnight the solution was poured into water and the white was collected, 
washed with water, and recrystallised alcohol. The 2 


formed colourtess 
A ws wn ett. (elf —4-3° (c, 0-627, in chloroform) (Found: C, 466; H, 43. 


——— a a- Methyl-3-10d0-3-deoryglucoside with Sodium Methomde —The 
ghucoside (0-158 g.) was disssived in “chloroform (1-6 ¢.c.) and & solution of sodium (0-12 g.) in dry 
methanol (6 c.c.) added at @*. After | hour at room temperature — 

te. On the next da ae and bad m 
190200" alone ‘or ox admixtare with an authentic specimen of 4: 6-benzylidene e-methyl-2 : 


Hydrolysis of 4° 6-Benrylidene a- Methyl-3-1odo-3-deoryglucoside with Oxalic Acid.—The giucoside 
100 2) ces daasivah tn aman (NS a}, and « caw of amie ond (7-6 of the hydrate in 
25 c.c. of water) was added. The solution was bolled for 100 hours, the epecite rotation bet oming 
constant after 84 hours. ———— — Se, See ee eee 
filtration, ——— — — dryness under reduced pressure. The residue of 

oo aeeeed deen ce | octane tom ethy! acetate, had Pte ad al + 136°" (e, 100 
in dioxan) (Found : C, 27-7. H. 43: OMe, 10-2. “CH AON requires @ 27-4; H, 43; OMe, 102%) 

Attempted Condensation of o- Methyl-2-iodo--deonyglucoside with Acstons.—The (0-201 ¢.) 
cad equcattoaies animate On 67-55 2.0.) 5a. Gay Gomete OS 050 Ste Sam © Thereafter, 
the mixture was neutralised with anhydrous sodium carbonate, filtered, and shee The residue, 


ee ee —— U6" cies 


chloroform-—ether, had x p. 193°, * (¢, @5 in chloroform) (Found : Cc, 40; 
C,,H,,0,1 requires C, 44-3; H, 4 * 


ogenation of 4: 6- 





The residual syrup completely wey So ape bey eee tee pp tm - 
or on admixture with the 4: 6- 2-methy! e-methyl-3-deoxyglucoside of N 
and Wiggins (loc. cit.). 

Reaction of 4. 6-Dimethy! o-Methyi-2 : 3-anhydroalloside and Methyimagnesium lodide.—(a) At 35°. 
To a solution of methy! iodide (12-7 g.) in ether (50 c.c.) were added magnesium turnings (2-14 g.) and 
the mixture was warmed until reaction commenced. Thereafter 
until all the metal had dissolved. The solution was then cooled and an i 
methy! e-methy!-2 3-anhydroalloside (14-5 g.) added to a cooled solution from methyl iodide (12-7 g ) 
and magnesium (2-14 g.) in dry ether (30 c.c.). An immediate exothermic reaction occurred, accom- 
panied by precipitation of a white solid. The mixture was heated under reflux for 2 hours, cooled, and 
treated with powdered ice, followed by dilute hydrochloric acid. The ethereal layer was separa’ 
the 22* portion extracted with more ether, and the extracts combined ; after being wached with 
sodium hydrogen carbonate solution and water, the extract was dried ( 

Crystals of 4: 6-dimethyil — — eee (0-82 g.) 
— emt em eee layer was exactly new 
and evaporated to Ten ue was extracted several times with 


separated. 

031 in chloroform) (Found : C, 329; H, &2; 
642 The total yield of the 3-iodo-compound was 1-38 g. 
brown syrup (12-5 g.) and acetic anhydride ae in dry ; 
room temperature and then poured into water, and the solution ¢ 


extract = benenae water, rater, dried (CaCly . : “5 g. 

was then fractionally distilled, ; methyl 3methy 3 deony 

ay, b. p. 110° (bath. Laie, ai \aseo ; ap + 108-5" (ce, 1 m) (2-45 
OMe. 3 see 


is (Found | C, 546: Cpt wires C, 54-9; H, 8-5; OMe, 35-54%). 
[Rabe material which distilled — tlt be 


a At “15°. 
ne tes acs ested 
— — 
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by chloroform (10 c.c.) and dilute hydrochloric acid sufficient to dissolve the 
, la and extracted several times 


admixture with 

So me ee ot ey 
A/“’ * — methy! iodide (0-76 g.) and 

if, a Len adap mete Fe e-dinethy! pansthyt-s : Sock i 


liquors, was evapora’ 
was a liquid which distilled in two fractions » 103 110" (hath temp.) /0-06 man. (45 mg.) 
14653, (of * c. 0-423 i chiovoform), ad (i) > Pp. ‘130—135* (bath. 9 mm. (0-30 g.) 
syrup (i) — and when recrystallised afforded 4: ay 1-3-iodo-3- 
yelucoside (0-15 g ) Ra od ), eB 16005, (a) +96-2° (c, 1-68 in chioro- 
. was not —— Fraction ) probably contained 4. 6-dimethy! o-methyl-3- 
methyl-3-deonygiucomde 

Reaction between — Iodide and 4: 6 Dimethyl a-Methyl-2 : 
the alloside (0-491 g.) in absolute ether (20 cc.) was added of 
anhydrous magnesium iodide (1:3 g., 2 mols.) in the same solvent ( wad ts Gems Comommiaes No 

ance of the ture occurred and no appreciable heat was evolved. The 


. On evaporation, a white solid A 
30-0%) was obtained which, recrystallised from t petroleum (b.p. 60-— 80°), had . 1211 
alone of on admixture with authentic 4: 6-dimethy e-methy!-3-iodo-3-deoxyglucoside. — 


The aqueous layer from the reaction mixture was neutralised with sodium h 
evaporated to dryness. The residue was extracted — as 


evaporated to a yellow syrup (0200 ¢.) which partly rTimethy meth . 
separated by filtration through sintered glass and was 4 imethy! e«- a4, A. 4. 


124 g., 16-56%), m. p. 112-—113". The remaining yellow syru 18-8%) contained 1odine and 
showed #ff 1.5168. it probably contained 4° 6-dimethy! «- —* — 2-deoxyaltroside. 

fcetylation of 4. 6 Dimethy! « Methyl-3-iodo-3-deonyglucondse.—The glucoside (1-58 g.), treated in 
dry pyridine (10 c.c.) at O° with acetic anhydride (2 ¢.c.), was at room temperature ——_ 
and then poured into ice-water. The mixture was extracted with The extract was washed 
with water, dried (MgSO,), filtered, and evaporated. The syrupy 2 u derivative (sample 1) (1-69 ¢.), 
crystallised and rec lised from light petroleum, had m. p. 66-5— 4 (a) +115° (c, 1-021 in 
< — (Found: C, 367; H, 49. C,,H,,O,1 requires C, 35-3; U. 5 3 


—— side.—4 : 6-Benzylidene «-methy!-3-iodo-3- 
deonygtecoside (1-25 g.) was treated in dry pyridine (10 c.c.) at O° with acetic anhydride (2c.c.). After 
being kept overnight at room temperature the mixture was poured rs ice. acetyl derivative 
which separated was collected and — — from —_ prisms, m. p. 163—164", (a)? 

16-4" (¢, 1-016 in chloroform) (Found 465; HL a4. CygH Oy! requires C, 44-2; H, 44%). 


2-Acetyl « — The foregoing ecetyl derivative (1:16 g.) in acetone 
#0 «..), mined with oxalic acid hydrate (1:7 ¢.) in water (7 ¢.c.), was boiled under reflux, and 
the reaction followed polarimetrically, the following data being obtained : [a)p --9-7° (5 mins.), —2-4° 
t hr.), + 47° (10 hes.), + 90° (90 hrs). Thereafter the solution was cooled and neutralised with bariam 
carbonate, the solids were filtered off, and the acetone was removed from the filtrate by evaporation 
A small amount of unchanged starting material separated at this stage. Benzaldehyde present in 
the solution was removed by extraction with ether, ain pron y phase being evaporated to dryness 
The residue crystallised and after extraction with alec and recrystallisation from alcohol-ether 
yielded 2-acety! a-methyl-3-10do-3-deoryglucoside (0-79 g.), m 132-—132-5", fa + 146-0" (c, 0-513 in 
ethyl! aleoho!l), The substance softened at 127° and did not Raalty melt until 150°, but, after cooling, 
remelted sharply at 132-1325" (Found: C, 30-8: H, 44; OMe, #9. C,H,,0,I requires C, 31-2; H, 
44; OMe, 00% 


2- Acetyl 4) 6 Dimethyl a Methyl-3-10do-3-deoxygiucosmde (Sample 2).—The above compound (0-7 g.) 
was methylated by three successive treatments with silver oxide and methyl iodide, the product 
of each treatment being extracted with boiling chloroform. The final product was distilled —— two 
fractions (i) b.p. 115-120" (bath-temp.) 0-007 mm. (0-25 g.), which was a mixture and a 
to contain anhydro-sugar derivatives, and (ii) b. p. 115° (bath-temp.) 0-007 mm. (0-10 g.) ae 
(ii) crystallised spontaneously and, recrystallised from light petroleum, had m. p. 66-5—67° alone or on 
admixture with sample | of the 2-acety! derivative described above 


Athaline Hydrolyms of 4- 6-Dimethyl a-Methyl-3-10do-3-deonygincovide.—The glucoside (0-126 g.). 
dissolved in methy! alcoho! (5 c.c.), was treated with a solution of sodium (0-1 g.) in methy! alcohol 
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(5 c.c.). 
dioude, 


3-A 4:6 
—— 


from petroleum, the 4 
1 aac om ight pve thr aime 
eduction 3-A 4 €-Dimethyt «- Methyi-2-s0do-2 
diastved te eaiegh chechai (100 an} and wanes (96 02), 
and the solution was saturated with carbon dioxide. 


(O1 which, after 
‘of 1180" te, rp 7) etch afer be 530; H, 87. C,H,,0, requires C, 52-4: H, #8%). 


3:4: 6-Trimeth Methyl-2-deoxyalloside.—The foregoing deoxyalloside (150 mg.) was methylated 
by three successi SS oceans en een iodide tnd Wines adds ender the caudl centihionn” The 

eee Te 1) (155 mg ) distilled at 110° (bath. .)/O-7 mm. and showed w 14508 
rd + 184° (c, 1-131 in chloroform) (Found: C, 54-2; H, 87. C,,H,,O, requires C, 54-5; H, 


Ss — Sees eee. The Reaction between Ethanethicl and 
4: 6-Dimethyl a-Methyl-2 : (2 g.) was Teg bedi fien wy Rh emng 
math; alcobol (30 bot (a0 ccf and the 


tion 0 minutes. After 
to half its bulk. Water Font — — 
resulting oily was extracted several times with ether (total, #0 c.c.), 
with water and (Na,SO,). Evaporation yielded a . 
product (0-95 g.) was purified by chromatography on 
solution, the product being — with the same sol 


deo. side recovered from 
——— after 


es 38-8; H, 6-8 
the characteristics shown 


ese) ith ante — . 
poured into ice-water. It was extracted with 
oo a ee oat , Dip: 190-300" fe th-temp.) /0-4 mm., 


(¢, 1315 me oe C,eH,,0,5 Mir — O87; 


4 6-Benzylidene 3- 2 Mat. pte meee ay nen 
PPP ye ree Pte ane ay mr whee iodide and silver oxide in 
the usual way, the product oun with chloroform. The final extracts were evaporated to a 
yellow liquid’ which, after distillation at 190—200° pe AY teen mm., taneously 
and recrystallised from ether. 4 : 6-Benrylidene 3- | a-methyl-2-ethylthio- $-doonyaltreside formed fine 
white needles, m. p. 96-07" (0-23 g., in the fal +74-7° (c, 1-112 in — — (Found: C, 50-5; 
H, 7-1. C,,H,,O requires C, 59-9; 


Reduction of 4 ay pa 3-Methy! a-Methyi-2-ethylthio-2-deo. ide with Alkaline Raney 
Nickhel.—-The altroside (1-31 g.) was dissolved in ethyl alcohol (60 c.c.), nickel (ce. 25 g.; freshly 
prepared and washed with water until the washings showed pH 10, then with alcohol until the washings 
showed pH 8) was added, followed by water (20 c.c.), and the mixture was heated under reflux for 2 
hours he nickel was then filtered off and washed with water. The odour of toluene was detectable 
in the filtrate This was evaporated to dryness under reduced re and the syrupy residue dissolved 
in water (10 c.c.) and shaken with chloroform to remove material. 


was extracted wit 
aatant on uapeesinerel ter aaaeane Ont Colgaiea yup (00 
110° (bath-temp.) /0-3 mm. as an oil, aif 1-472, (af +201 | abet Prom (Found: C, 49-8; 
H, 86. Cale. C,H,,0,:_C, 00; H, 4%). b can Danette — 2-deoxyalloside. Reich- 
stein ef al. (loc. cit.) give cy ee Ser Chis cubstanes. 


way, 
chloroform. E the final 
extract gave a liquid 3: 4: 6-trimethy! ether (0-559 g.) which at 70—75° (bath-temp. oe. mm., 
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te tae mr te ok 14510, iiD 9-105-0" (0, 1480 tn chlenctemn) (Pound C, 42; 

90. Cale. tor © Cc, ; HO? — (Spite 8 recorded above. 

Hydrolysis of 3:4: — Samples | and 2).—The trimethy! alloside 
hes 4 .) was dissolved in cobcl 7-8 ~ at rou temperature and 18% hydrochion 

ey > The mixture was ge yd oy hydrolysis 

+ 190" (3 mins); +150" mins); +1 doecd gin aieabe ; + 81-0" (4bre); +635" 

26 hes. constant). Similarly sample | (0-043 (3-75 c.c.) was treated with 


acid (0-25 ¢.c.) at room temperature The changes in pei specific rotation were: [e) 
| +157-4° (67 mins); +1204 Soe (3h os): +862" (4 hrs.); +66-6° (6) hrs); +515 
} 


“7 ae 4: 6-dimethy! ee oo 7 
iodide on i 


ture following 

whe 4-008" — SS ees +54-0* (24 hrs). 
which distilled at 80° (bath-temp.)/0-02 mm The colourless 
re oe af 1.4640, Bb yg 6! 1-306, Hm arr gt was probably 4 6-dimethy! 
8; H, #7. Cale. for C,H,O,: C, 545; H, 


Treatment with thee vp non yridine gave a fof +47-9° (c, 1-02, 
—— C, 5&7; 2 lore i pr C, 545; th. P09) hd 


Hydrotysis of 4° 6-Dimethyl — ~The glucoside (1-40 

heated at 100° with 5%, hydrochloric acid ~ followed polarumetrically [0p (ole 
+355" (initial) ; 6 (5 mins.) ; 

neutralised with barium carbonate, filtered, and evaporated. The dry re was ——— — 
times with boiling chloroform, and the extracts were evaporated to a viscous syrup Oe 147 .), which 
distilled (with some difficulty) at 130° (bath-temp.)/0-06 mm. and showed · V 1-4840 ref 
(c, 0-868 in water). It was ra 4 6-dimethyl 3 methy!-3-deoxyglucose Peend 8 1 
80. Cale. for C,H,,0,: C, 624; H, #8%) 


tem By yamide from 4. 6-Dimethyl-3-methyl-3-deoxyglucese.The glucose 
derivative (0 g.) was dissolved in water (10 c.c.), bromine (0-5 c.c.) added, and the mixture kept 
in 4 stoppered flask at 35° for 20 hours. Excess of bromine was then removed by aeration and the 
solution neutralised with silver carbonate The solids were filtered off and washed with water, and the 
filtrate was saturated with hydrogen sulphide. After the precipitated silver sulphide had been removed 
by filtration, the clear tequid was evaporated to a yellow creep ¢ (0-104 — ). This was heated at 50°/0-2 
dissolved in dry methyl! alcohol 
(5 c.c.), and the ato”. nccuphous eatid (0278 6) 
preasure the mixture was — and evaporated in a — solid (0-073 Ss) ) 
was obtained which could not be crystallised. The wan damtved ie water th cal a cooled to 0°, 
— with 1-6~-sodium hypochlorite (0-5 c.c.) for 30 minutes. Excess of hyporhlorite was removed 
by the careful addition of sodium thiosulphate (starch-iodide), and solid sodium acetate (0-5 a. = 
added. The solution was then filtered and treated with semicarbazide hydrochioride (0-075 g.) 
Hydrazodicarboxyamide separated rapidly as a fine white crystalline precipitate which was removed 
by centrifuging and washed with water, it (5 mg.) had m. p. 252° (decomp.), not depressed on admixture 
with an authentic specimen (m. p. 258") 








The authors are indebted to Mr. F. D. Harper for practical assistance 


Tee Cuemwrerey Deraerwewt, Tee Unrversrry, 
Evosaston, BremincHam, 15. | Received, May 18th, 1950.) 





484. Heteropoly-tungstic Acids and Heteropoly-tungstates. Part I. 
11-Tungstoferric( IIT) Acid and its Salts. 


By Joun A. Mair 


The reaction between ferric salts and sodium paratungstate in boiling —7* —* has 
been investigated, and 1|l-tungstoferric(II1) acid, the first member of a new of 
ll -heteropoly-tungstic acids with mainly positive central ions, has been isolated. The — and 
a tumber of its salts have been described and analysed, and a reaction mechanism has been 
su ted to account for their formation. In all, three methods of preparation have been 
studied, one or more of which can be used to determine with reasonable certainty whether any 
metallic ion forms a heteropoly-tungstate and, if so, to which series it belongs. A rapid and 
economical method for the preparation of metatungstic acid and of sodium metatungstate has 
also been indicated 


A.tnoven the field of heteropoly-molybdate and heteropoly-tungstate preparation, apart from 
subsidiary valency states of the central ion, has been very fully investigated since the discovery 
by Marignac of the tungstosilicates, no clear picture of the mechanism of formation of these 
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compounds can be derived from a study of the relevant literature. Whether a particular ion is 
capable of heteropoly-molybdate or -tungstate formation depends on two factors, the structural! 
and the chemical. There is at present no means of predicting whether an ion can form part of a 
stable condensed anion containing between 6 and 12 MoO, or WO, residues; the question must 
be answered by experiment. The chemical factors are more amenable, and some indication of 
their nature can be obtained from consideration of the equilibrium between molybdate or 
tungstate ions and hydrogen ions in aqueous solution. 

Acidification of alkah molybdate or tungstate solutions, provided that these are not too 
concentrated and that the temperature is kept near the boiling point to allow equilibrium to be 
more rapidly attained, leads eventually (at pH values near 3) to almost quantitative formation 
of alkali metamolybdate or metatungstate. On further acidification (to pH < 1), molybdic 
acid passes through its isoelectric point and forms cationic complexes with the anion of the acid 
used in acidification; the metatungstate ion, on the other hand, behaves as a stable ion, giving 
rise to metatungstic acid, H,{[H,W,,0,),aq. This acid is the hypothetical parent of all 
12-heteropoly-tungstic acids, these being derived from it by replacement of oof ave bear 
other anions, or, as the sequel shows, by cations. No comparable stable form of molybdic acid 
wo Tose ppesenty Se eee aera 
and to this is doubtless due the smaller number and generally lower stability of the heteropoly- 
molybdic acids. Heteropoly-compounds containing between 11 and 8 MoO, or WO, residues to 
each central atom are either derived from 12-acids by hydrolysis, or represent the upper attainable 
hmit of saturation consistent with stability. 

If another ion is present along with molybdate or tungstate during acidification, it may 
replace hydrogen ion in the condensed molybdate or tungstate nucieus, thus giving rise to a 
pera peo. came Whatever the details of preparation may be, all heteropoly-acids are 

formed in this way. Where the central ion is negative, ¢.g., PO”, preparation of the heteropoly- 
acid is a simple matter, stoicheiometrical relations being of minor consequence, so long as the 
minimum quantity of central ion demanded by the formula is present. Where the central ion is 
positive, excess over the stoicheiometrical proportion may lead to decomposition, through 
secondary precipitation reactions, of the heteropoly d already formed. 

The rule by which the correct relative proportions of positive ion and molybdate or tungstate 
ion may be determined is simple, and follows from what has already been stated. With sodium 
paramolybdate or paratungstate as initial substance (the usual material for heteropoly-compound 
preparations), and complete hydrolysis of the added salt containing the required positive ion 
being assumed, saturation is complete when the acid derived from hydrolysis is just sufficient to 
convert the molybdate or tungstate from the para- into the meta-form. The process is thus an 
indirect acidification of paramolybdate or paratungstate solutions to an extent which, an 
equivalent amount of mineral acid being used for the purpose, would give the meta-form. In 
general, if no heteropoly-compound is formed, and if the equilibrium is not disturbed by 
secondary precipitaticn, which usually takes place in such cases, the final product is sodium 
metamolybdate or metatungstate. If the metatungstic acid, obtained from the latter by 
extraction with ether and hydrochloric or sulphuric acid, shows no trace of the originally 
added ion, the evidence for heteropoly-compound formation is almost certainly negative. 

If the salt formed is of the higher series, with 8 or more MoO, or WO, residues, and if no 
secondary precipitation has taken place during saturation, the solution will have a pH similar 
to that of an equivalent metamolybdate or metatungstate solution, and the free heteropoly-acid 
may be isolated as its ether addition compound by extraction with ether and sulphuric or 
hydrochloric acid, or, though this is less conclusive, the solution may be used for preparation of 
salts by double decomposition. If the solution, however, has a pH similar to that of the original 
paramoly bdate or paratungstate solution, only a 6-heteropoly-molybdate or -tungstate is present, 
again on condition that there has been no secondary precipitation during saturation. Siace the 
alkali salts of the 6-series are usually of low solubility in water, they normally crystallixe from 
solution on cooling. Where no het d is formed, precipitation of double metal- 
alkali metal paramolybdates or paratungstates wenally takes place from an early stage of the 
saturation, raga 
the alternative methods of saturation described below 

i solutions of the concentration used have a pH - 64, it 








substantially less, and so far it has not been found possible to prepare a heteropoly-molytdate of 
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type higher than the 6-type, with a positive central ion. An approximate relation between 
-molybdates and heteropoly-tungstates having the same positive central ion is that, 
when the heteropoly-molybdate is a 6-compound, as with Fe**, Al’, Cr**, the corresponding 
heteropoly-tungstate is an 11- or 12-compound, and vice versa. In the case of Mn**, structural 
factors must also be involved, since, while tungsten gives an 1)-heteropoly-compound, 
molybdenum reacts only with quadrivalent manganese, and tungsten does not. It is obvious 
that with cations such as Ag’’, Hg,**, Hg** and Pb**, whose normal, para-and meta-~molybdates 
are all of low solubility, heteropoly-molybdate or -tungstate formation is scarcely possible, 
because of limits set by secondary ionisation of any complex formed, and by the restricted range 
of methods of preparation, though the pH reiations for salt hydrolysis are favourable. 
In the sequel, alternative methods of preparation are described which can be applied as 
tests of heteropoly-compound formation in such and similar cases, and for use when a weakly 
basic cation, ¢g., B®" or Sb**, can only be retained in solution by an excess of mineral! acid, 





with positive central atoms, Bacar he were and it is intended, on the basis set out, 
to establish some degree of order in this field, on the purely chemical side at least. 

The only 6-heteropoly-tungstates so far described are the 6-tungstoferrates (Rosenheim and 
Schwer, Z. anorg. Chem., 1914, 89, 234). These belong to a series which, for molybdenum, 
includes the 6-molybdo-ferrates, -chromates, -aluminates, and -rhodates. As Rosenheim 
(Gmelin, “ Handbuch,” Syst. Nr. 54, 306; Abegg, ‘‘ Handbuch,” Vol. 4, Part 1, ii, p. 1050) has 
given varying accounts of the preparation and properties of the 6-tungstoferrates, the matter 
was reinvestigated as a preliminary to the preparation of the chromium and aluminium analogues. 
These 6-heteropoly-compounds are of paratungstate or paramolybdate type, having a tervalent 
central atom; the 6-tungstoferrates derive from a hypothetical acid H,(FeW,O,,),aq. Since 
the molybdenum analogues are appreciably dissociated into their components in aqueous 
solution, it would seem unlikely that 6-tungstoferric acid could exist in the free state. The 
sodium salts of these compounds are prepared by saturation of boiling sodium paratungstate or 
paramolybdate solutions with the nitrate or chloride of the tervalent metal. From the solution 
of the sodium salt of the 6-heteropoly-compound thus obtained, the other salts are prepared by 
double decomposition. Although the alkali paramolybdates are correctly represented by the 
general formula 3R,O,7MoO,,aq., the formulation of the alkali paratungstates is less certain. 
Analytical results favour the formula 5R,O,12WO,,aq., but, on grounds of general resemblance 
between molybdenum and tungsten compounds, the 3R,O,7WO,,aq. formulation seems prefer- 
able. Anderson's suggestion (Nature, 1937, 140, 850) that the paramolybdates and para- 
tungstates are in fact R,{Mo(MoO,),),aq. and R,/W(WO,),),aq., emphasises in particular the 
very marked differences in chemical behaviour between alkali paratungstates and metatungstates, 
the latter being undoubtedly dodecatungstates. 

Aqueous solutions of sodium paratungstate show a marked rise in pH on boiling, the increased 
alkalinity persisting after cooling. It was suggested by von Knorre (Ber., 1885, 18, 2363) that 
this behaviour is due to hydrolytic fission of the paratungstate ion into normal tungstate and 
metatungstate ions, 3(3Na,0,7WO,) => 5Na,WO, + 4(Na,O,4WO,), the rise in pH being due 
to the normal tungstate. Rosenheim and Wolff (Z. anorg. Chem., 1930, 198, 54) have isolated 
metatungstates by double decomposition from such sodium paratungstate solutions, the 
equilibrium in which is certainly complex. Souchay (4mm. Chim., 1943, 18, 87) has shown that 
metatungstate ion cannot exist at pH values similar to those prevailing in sodium paratungstate 
solutions. The behaviour of metatungstate ion alone in buffer solutions of pH 6°5 does not, 
however, invalidate von Knorre’s hypothesis, since in sodium paratungstate solutions the 
metatungstate ion is derived from paratungstate itself, and would be regenerated at once if 
destroyed. Experience shows that pH alone, although distinctive for each separate species of 
tungstate, gives little indication of the relative proportions of each in solutions whose history is 
not known 

In a series of studies of the neutralisation curves of Na,MoO, with hydrochloric acid, Byé 
(Bull. Soe. cham., 1942, 9, 360; 1043, 10, 230; Ann. Chim, 1945, 20, 463) has shown that in 
solutions of constant ionic strength (m. in NaCl) breaks are obtained at points corresponding to 
para-, tri-, and tetra(or meta)-molybdate for solutions 0°01—002m. in Na,MoO,2H,O. More 
concentrated solutions show extremely complex equilibma, the complexity increasing with 
concentration, while in very dilute solutions (0°0003m.) only the simple MoO,*- ion can be 
recognised. In dilute solutions, in the absence of added sodium chioride, the neutralisation 
curve is continuous, with a marked fall in pH only at the tetramolybdate stage, the condensation 
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to more acidic multivalent ions masking the pH changes corresponding to para- and tri- 

molybdate. Doucet and Carpéni (Bull. Soc. chim., 1947, 14, 496) found the isoelectric point for 

MoO,,aq. to be at pH 09; at lower pH values molybdenum is present as a cation ** of 

MoO**. The change from normal molybdate to cationic complex is thus continuous in dilute 

solution, rp a apeaw remem, dara gly ori nn ee Mp ae yam nn bee 
acid has yet been isolated. Byé (Amn. Chim., 


tetra-molybdate stage 

amok — — — Na, WO, 2H,0, but with conflicting 
results. Tungstic acid, unlike molybdic acid, does not form cationic complexes, and its isoelectric 
point is at considerably higher pH values. On acidification of solutions of Na,WO, at room 
temperature white hydrated tungstic acid separates, redissolving in the residual tungstate up 
to the point where paratungstate formation is complete: pH ca 64. Beyond this point, 
depending on the concentration of the solution, either the precipitate of WO,,7H,O becomes 
permanent or, in more dilute solutions, the tungstic acid remains in colloidal suspension, being 
precipitated only after keeping. In neither case does the whole of the tungstate ion remain to 
take part in the equilibrium, and neutralisation curves obtained under these conditions vary 
considerably, and in no case represent a true equilibrium between tungstate and hydrogen ions 
If the acidification is carried out at the boiling point, however, no separation of tungstic acid 
occurs, and the pH of the solution can be brought below 2 without precipitation of WO,,4H,O 
At pH values below 3-6 the solution is stable to strong acidification, and from it the ether addition 
compound of metatungstic acid can be obtained in quantitative yield. Acidification of alkali 
tungstate solutions at higher temperatures therefore finally gives metatungstate, and the 
equilibrium, as with molybdate solutions at ordinary temperatures, is homogeneous throughout, 
provided that, as emphasised by Doucet and Carpéni (loc. cit., p. 486), time is allowed for 
equilibrium to be attained at each stage of acidification. According to Souchay (loc. cit., p. 69), 
unless the ionic strength of the solution is kept constant (m. or 2™. in sodium chloride) during 
acidification, the neutralisation curve obtained shows no break corresponding exactly to para- 
tungstate, but to metatungstate only, the change in [H") due to more acid salt formation being 
concealed or displaced by that caused by formation of polytungstate ions. Boiling of the 
solution after each addition of acid, although it gives higher pH values at each stage, still gives 
only the break at metatungstate, with nothing intermediate. Vallance and Pritchett's titration 
curves (J., 1934, 1586) are exceptional in this respect, the formation of paratungstate being 
clearly shown, owing no doubt to the high concentrations of sodium tungstate and acid used. 
Preliminary experiments on the neutralisation of 0°022m-Na,WO, with 0°Im-HCl, the tungstate 
solution being kept at the boiling point until, after cooling, a maximum value of pH was obtained 
at each stage of acidification (8—12 hours), show a well-defined break in the neutralisation curve 
at the paratungstate stage (pH ca. 6°7), a region of constant pH round the tritungstate stage 
(though no Na,O,3WO, could be isolated from solution), and an abrupt break from pH ca. 5°8 to 
pH ca. 39 at the metatungstate stage. Na,MoO, solution (0°022m.), similarly treated, showed 
no marked break in the neutralisation curve either in hot or in cold solution, even at the tetra- 
molybdate stage. The molybdate pH values were 0°1—0°2 pH unit higher for the heated 
solution (after cooling) than for the corresponding stage of acidification in cold solution. Beyond 
Na,O,4°2WO, and Na,O,4°2Mo0, the titration curves were coincident. The successive steps in 
the tungstate neutralisation in hot solution would doubtless be better defined in solutions of 
constant ionic strength, as used by Byé and Doucet and Carpéni (locc. cit.), but the essential 
point, as regards the present investigation, is the quantitative formation of metatungstate by the 
slow acidification of boiling norma! tungstate or paratungstate solutions with an acid sufficiently 
strong to bring the final pH below 4, and its bearing on the interaction of paratungstate 
solutions and solutions of metallic salts capable of yielding hydrogen ion by hydrolysis. 

The mechanism of 6-heteropoly-molybdate formation, by saturation of paramolybdate 
solutions with solutions of metallic salts, is obscure. . The formation of ferric pentamolybdate, 
Fe,O,,5MoO,,aq. (Marckwald, Diss., Basel, 1895), as a by-product of the saturation of 
3Na,O,7Mo0, solutions with aqueous ferric chloride suggests that hydrolysis of the ferric chloride 
gives rise in part to products more acid than paramolybdate. 

Saturation of boiling sodium paratungstate solutions with aqueous ferric nitrate gives a 

varying in composition between Fe,O,,3°3WO,,aq. and Fe,O,,4°3WO,,aq., dissolving 
readily in the residual paratungstate solution up to a fairly definite point, at which it becomes 
derived by acidification from 6 moles of Na, WO, 2H,0 is 
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becomes permanent when about 0°75 mole of ferme nitrate nonahydrate has 


solution falling from above 64 to between 3 and 4 At the point in the saturation of sodium 

paratungstate with ferric nitrate where precipitation becomes permanent, the pH of the solution 
has also fallen to between 3 and 4, and acidification no longer precipitates WO,sH,O. To 
convert 6 moles of Na,WO,2H,O from 3Na,O,7WO,,aq.(para-) into Na,O,4WO,,aq.(meta-) 
without loss of tungsten, requires 2°14 equivs. of acid. Complete hydrolysis of the added ferric 
nitrate being assumed, 2°14 equivs. of acid would be given by 071 mole, approximately the 
amount required for optimum saturation of the sodium paratungstate used. In the saturation 
of sodium paratungstate with ferric salt it appears that the maximum iron content of the 
solution is attained when, complete hydrolysis of the ferric salt being assumed, the hydrogen ion 
set free is just enough to convert the whole of the paratungstate into metatungstate. This 
stoicheiometric relation has been found to apply generally to saturations of sodium para- 
tungstate solutions with solutions of metallic salts, provided no secondary precipitation takes 
place. The solutions then have a pH value similar to that of an equivalent sodium metatungstate 
solution, and are similarly stable to strong acidification. It may be that, in the boiling para- 
tungstate solution (a hydrolytic equilibrium of the von Knorre type being assumed) the normal 
tungstate acts both as hydrolytic agent and as precipitant for the ferric salt, and that the ferric 
ion in part replaces hydrogen ion in the spontaneous change of paratungstate ion [W(W,O,,))*~ 
to metatungstate ion [H,W,,O,)*", the paratungstate merely providing the material for these 
reactions. Saturation is complete when insufficient paratungstate remains to carry either 
reaction further. There is some indication that sodium metatungstate, on saturation with 
ferric hydroxide, gives identical products, bat whether this is due to direct replacement of 
hydrogen ion by ferric ion in the metatungstate ion, or whether reversion to paratungstate forms 
an intermediate stage, is not certain. 

Acidification of boiling sodium tungstate or paratungstate solutions, with an acid sufficiently 
strong to give a final pH between 3 and 4, gives quantitative conversion into metatungstate 
(von Knorre, joc. cif.). Here again it is possible that the acid merely converts the normal 
tungstate (the most alkaline component) into paratungstate, which again undergoes hydrolytic 
fission to normal tungstate and metatungstate, the cycle being repeated till finally only meta- 
tungstate remains. The reaction is thus not a simple displacement of the weak “ tungstic acid ” 
by a stronger acid, but represents the driving to virtual completion of a complex hydrolytic 
equilibrium present frongthe first. Preparation of heteropoly-tungstates by saturation of sodium 
paratungstate solutions must therefore be carried out slowly to keep pace with the hydrolytic 
displacement, and neglect of this precaution, especially in saturations with metallic salts, may 
lead to failure in the isolation of these compounds. Absence of paratungstate, corresponding to 
complete saturation, cannot be safely assumed even at pH values below 4, unless saturation has 
been extended over several hours. Even in acidified molybdate solutions equilibrium is only 
slowly reached, though stable values of pH may be obtained almost at once (Doucet and Carpéni, 
loc. ott., p. 486) 

Almost all methods for the preparation of heteropoly-tungstates depend on saturation of 
boiling sodium paratungstate solutions with a compound containing the ion which is to form the 
central ion in the heteropoly-tungstate anion, and, if the von Knorre hypothesis is accepted, all 
such preparations must contain more or less sodium metatungstate, the amount varying inversely 
with rapidity of formation of the heteropoly-tungstate. This applies even more to the use of 
ammonium paratungstate for such preparations, since it passes spontaneously into meta- 
tungstate when its solutions are boiled. Heteropoly-tungstic acids derived from such saturations 
will therefore be accompanied by more or less metatungstic acid. 

The potassium and ammonium 6-tungstoferrates described by Rosenheim and Schwer (loc. 
et.) could not be reproduced, no definite compounds separating when the product of saturation 
was treated with concentrated potassium chloride or ammonium chloride solution. Guanidine 
hydrochloride gave yellow microcrystalline products of variable composition, all containing more 
tungsten than required by the 6-formulation. The pH of the saturation products and their 
stability to strong acidification showed that compounds of paratungstate type could only be 
present in smal] amount, if at all. 
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Treatment of the products of saturation with ether and 6m-sulphuric acid (Drechsel, Ber., 
1887, 20, 1452) gave a typical heteropoly-acid—ether addition compound. Analyses of specimens 
from identical saturations showed a widely variable iron content. From the relative proportions 
of sodium paratungstate and ferric nitrate used in the saturations, Fe : W could have a maximum 
value of 85. Values obtained ranged from 14 to 21 and above. It was assumed, for the reasons 
already given, that the high proportion of tungsten was due to the presence of metatungstic 
acid, derived from sodium metatungstate formed furing the saturation with ferric nitrate. 

The thermal stability of metatungstic acid is low (cf. Sobolew, Z. anorg. Chem., 1896, 12, 30), 


ferric acid as final product. , recrystallised 

composition agreeing with the empirical formula Fe,O,,22W0, 50H,O. " From its stability it 
might be expected to belong to the limiting series and be an analogue of 12-tungstobonec acid, 
B,O,,24W0O,,53H,0, but the results of analysis of the free acid and its salts, as also of those of its 
homologues (see Part LI), agree better with the 11-formulation. It is thus the first member of a 
new series of 11-heteropoly-tungstic acids with positive or mainly positive central ions, and may 
be described as 11-tungstoferric(III) acid. It retains 5H,O at temperatures up to 240°, and 
gives a series of salts of which the ammonium and barium salts are 10- or 9-basic, the casium and 
silver salts 9-basic, and the sodium, potassium, and guanidine salts, 8-basic. As with many 
other heteropoly-acids, the mercurous salt is anomalous, being approximately 16-basic, but its 
insolubility as compared with the other salts suggests that it is a basic salt (cf. Souchay, Bull. Soc 
chim., 1942, 9, 289), and does not indicate a true basicity. Potentiometric neutralisation with 
sodium hydroxide shows a basicity of ca. 9-2, as does also neutralisation with barium carbonate, 
and conductometric titration with potassium or ammonium hydroxide gives a value of ca, 10°1. 
The acid appears therefore to be 10-basic, and may be formulated as, 5H,O0,Fe,O,,22WO,,45H,O 
Its formula on the Rosenheim-Miolati basis would be either 


(W,9,), oe wy — [ (W,0,), (W,0,), 
H,]} F Fe |H, or H Fe... Fe 
fr’ . . as] FO — 


neither of which agrees with its basicity as found experimentally. Wells ("' Structural Inorganic 
Chemistry,”’ p. 345) has suggested (following Pauling) alternative binuclear formule for the 
tungstophosphoric acids containing less than 12 tungsten atoms toeach PO?-. These formula 
assume the presence of two central ions in a structure based possibly on the cubo-octahedron, 
and give the general anionic form as [P,W,O,, ,,)*~. By analogy the ion of 11-tungstoferrie(III) 
acid would be [Fe,W,,0,,)"", in agreement with the basicity as experimentally determined ; 
the anhydrous acid would be H,,/Fe,W,,0,,). The Rosenheim-Miolati formulations imply that 
11-tungstoferric acid is the hydrolysis product of a higher acid, presumably 12-tungstoferric 
acid, but its stability is much higher than that of 10(or 11)-tungstosilicic acid or 11-tungsto- 
phosphoric acid, and the preparation of the acid and of its salts has been carried out, as far as 
possible, under conditions unfavourable to hydrolysis. No evidence has been obtained, for 
either 11-tungstoferric acid or its homologues, of the presence of salts derived from a 12-acid, 
apart from the uncertainties of analysis. 11-Tungstoferric(II1) acid appears to resist reduction 
by sulphurous acid to an 1|1-tungstoferric(II) acid, possibly because ferrous iron gives only a 
6-heteropoly-tungstate, which oxidises rapidly in air to give indefinite products resembling the 
by-products in the tungstoferrate preparation. 11-Tungstoferric acid is stable in the solid state, 
only a trace of water-insoluble material separating on long keeping. Aqueous solutions are 
equally stable. 
EXPERIMENTAL. 

Na,WO, 2H,O (56-2 g.), dissolved in water (300 ml.) was converted into 3Na,O,7WO, by addition of 

w-nitric acid (194-4 ml.). The boiling. mechanically eet ee eae during 20— 


pee arti) ne tion. Ferric sulphate was found to 
hs snatitactory Bacau of fone of om an aa fe through incomplete h . The yellow 
solution (described as “ colourless "" by Rosenheim, Handbuch, — — 050) was concen - 
——5— toseparate. After filtration, 
Feature a, cit.) — seen othe adanion of 
1 -tungstoferric mixed with that of acid was used for 
in this process, no cooling being necessary. 
Isolation of 11-Tumgstoferrnic(111) Acid.—The ether addition was freed from entrained 
mother-liquor by dropping it through two or three portions of fresh . On dilution with water the 
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ether separated, and was removed by an air current. The 
the steam-bath, the residue was extracted with water, and 


« ter, 


: ting decomposition 
, rapid) 5* t on exposure to moist air. are Se oe 
— ited, F — Lait.0, would be: Fe,O,, 2:38; WO, 83-16; H,O, 14-62%; and loss of 
312% at 180” ve 5-5H,0. 

Properties. The acid is very soluble in water (406 g. of 0-hydrate per 100 g. of water at 19", density 
of solution 2-76) and crystallises only in aggregates, with occasional octahedral outlines, pH of 0-001l4m- 
solution, 1-82 (cf. Rosenheim and Breuer, Z. anorg. Chem., 1915, 98, 264, for pH values for 
other het ; the acid has 4d 4-28, m. p. ca. 43°. It is stable to strong acids or bases in cold 
solution, posed on heating with separation of tungstic acid or ferric hydroxide, and therefore 
does not cause interference in the analytical separation of iron from tungsten by digestion with hydro- 
chloric acid and cinchonmne. Potentiometric titration with sodium es gave an equivalent weight 
oa. 670, the basicity of the acid being 9 2 on the assumed M.W. of 6162-74, the maximum value of dE /dV 
occurring near pH 5-7. 

Further Methods of Preparation._Two other methods of preparation of 11-tungstoferric acid were 
used for exploratory purposes. 

(1) Ferrie hydroside method. To a sodium paratungstate solution, as described above from 
546-2. of Na, WO TH te hm pe of 194-4 ml. of w-nitric acid, was well-washed ferric hydroxide, 
Ss from 10 g of hy ted nitrate by precipitation with aqueous ammonia. The boiling, mechan- 
seally stirred mixture was acidified during 20—24 hours with an approx. 0-l~-nitric acid solution 
containing 64 mil. of w-acid (5% excess: cf. p. 2369). On completion of saturation, the solution was 
concentrated to 200 ml., filtered, and kept overnight at 6°. After tion of any unchanged - 
tungstate which had been deposited, the filtrate was extracted as with ether and 6m-sulphuric 
acid. The tendency to emulsification, due to traces of WO,,*H,O derived from residual —I 
was more marked with these ations, direct saturation with ferric nitrate being ble, but an 
identical ether addition compound of | 1-tungstoferric acid, mixed with metatungstic acid, was obtained. 
This method of saturation is of value, however, in those cases where, as with Bi** or Mn** salts, the meta! 
jon can only be retained in solution by a substantial excess of acid, which would tend to give metatungstate 
as main product, or where the meta! paratungstate is so sparingly soluble that addition of the salt gives 
double decomposition only. 

The residue of ferric hydroxide contained substantial a ts of tungsten, and dissolved almost 
completely in water to give a dark red solution which, after sedimentation or centrifuging, was only 
perceptibly turbid, and remained unchanged for long periods. Evaporation to dryness on the steam-bath 
gave a dark red vitreous residue which again dissolved completely in water, and the process could be 
repeated many times. Addition of sodium chloride to the solution caused immediate and almost 
complete precipitation of a reddish-brown solid ————— hydroxide. Aur-dried specimens had 
an average composition represented by 3Na,O0,7WO,,4-3F e,0,,31H,0, the pH of a 2-25% aqueous solution 
being 6 Other oxides and hydrox have been found to behave similarly. Saturation of 
ammonium paratungstate solutions with metallic hydroxides has been used by various workers to 

heteropoly-tungstates, and there can be little doubt that, electrolytes virtually absent in 
such cases, the products isolated were contaminated with peptized hydroxides, as tibed above, and 
showed an excessively high metal oxide content 


(2) Metatungstate method. A solution of Na,O.4W( ))aq. was prepared by following the same 
procedure as described above, but omitting the ferric hydroxide and shortening the time of addition of 
the second portion of nitric acid to 4—5 hours. To this solution, heated to boiling and mechanically 
stirred, was added, as before, freshly precipitated ferric hydroxide prepared from 10 g. of hydrated 
nitrate. The reaction is very slow and saturation was continued for about 50 hours. The solution was 
concentrated to 200 ml., filtered, and extracted with ether and 6m-sulphuric acid. Analysis of the ether 
addition compound showed that about 10% of tungstoferric acid was present. The yield could probably 
be improved by using successive portions of ferric hydroxide, since this ages rapidly in boiling 
solution. The residue of ferre hydroxide was again almost completely soluble in water, and gave on 
sedimentation and evaporation a dark red solid similar to that described above, and containing substantia! 
amounts of tungsten. 


According to Souchay (Jee cit., p. 84) only sodium paratungstate solutions, freshly prepared by acidi- 
fying alkali tungstate, are active im heteropoly-acid formation, losing activity in a few hours, while 
paratungstate or metatungstate solutions prepared from the crystalline salts are almost inactive. There 
may thus be a decrease in reactivity of the metatungstate solution as well as of the ferric hydroxide 
during the saturation, accounting for the relatively poor yield of heteropoly-acid. 


Metatungstue Acid. — The solution of sodium metatungstate described above, on extraction with ether 
and —— acid, gives a quantitative vield of the ether addition compound of metatungstic acid, 
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one Shams inentiam —. TS 
and concentration to a. im tangetate of paratungetate with tsahly Precipitated tangs 
ons of sodium 


being lost se ineolable alkali polytungstate” The low stability of 


‘tions leads to considerable loss in isolation in solid form, no matter 


aig AEE ay — 
pre rom a ergy J. pr. Chem., 1860, $0, 204) separates in form 
This sodium metatungstate, whether red 
— WO, sH matte eae don vo ancveenientn 
bos Hece apes of tritungstate were due to 





constantly present in sodium 
plate cavern —— 


ee payer 2 1% This seit was obtained by neutralising 11-tungsto- 

sola apeente to ges OS ee ee on aliq of solution) 

; ——— slightly efflorescent solid, melting below very 

and crystalh y in aggregates (Found : so, SO. pe Pr 2-62; WO,, 70-52; 

H,O, 1415. 4Na,0,Fe,O,,22WO, 50H,O* requires Na,O, 3-87; WO, 70-59. H,O, 
14-05%). It retains ca. SHO at 200": the pit'ot s 0-40lan-entution is's-$0. 


Ammonium salt. This salt can be prepared either by neutralising the free acid with aqueous ammonia 
pyr 
5 Soares ese as, it forms pale — — 
Tia bundles (Found: Bae a 433; ste? wo, eset 0, LO. 
O, 4-58. —X ——— — es (NH,),0. 
4714 anhydrous at 160° and decomposes 7 —— 008; HyO. 
tbo) da Tle. ‘thew oh ion 8. 


by neutralisation is not homogeneous. On isation from water it gives a 
crusts, with higher ammonia content [Found : (NH 55 ——— WO,, 
3. æ8 FeO 25H0 requires — 7 
This may be a hydrolysis product. The la 
ing in the same form, but — — from por cane te wr solutions, as deliquescent 


Potassium salt. This sali was prepared by saturating an aqueous solution of the acid with um 
chloride; it is isomorphous with the ammonium salt, but ra less soluble in water; pH of 0-0014m- 


solution, 4-67 (Found: K,O, 5-06; Fe,O,, 2-61: WO,, 82-27; H,O, @1. 4K,0,Fe,0, 22WO,31H,0 
requires K,O, 6-08; Fe,O, 2.58; WO,, 82°34; H,O, 901%) 
Barium salts. ony tastes cuiee GORA (i) eee YS 
with the carbonate and concentrating the solution 
octahedra, d 4-452, we soluble in water oe 0, 10-41; 
0, 10- 26: 


11-48. 45Ba0,Fe,O, 22WO, 43H,0 requires Fe,0,, 2 is "Ws 
retains ca. 2H,O at 180°. (ii) Saturation of aqueous solutions of the acid * barium chloride 
distinctive tetragonal form, pale yellow, usually twinned, d 4-734, and stable in air (Found : Bad, 11 ort 
wo,” 2-46; WO, 36-71; 
76 * Oo, 
Ba,'Fe,W 


the h bictee Coston c 


Casium salt. Prepared from aqueous solutions of the free acid and casium power this vay 
sparingly soluble salt crystallised from hot water in pale yellow slender prisms, isomorphous with the 
ammonium salt (Found : Cs,O, 18-5; Fe,O,, 2:36; WO,, 75-60; H,O,3-64. 4 ye ag eg 
requires Cs,O, 18-70; Fe,O,, 2-35; WO,, 75-23; HO, 3-72%) ; it retained ca. 1H,O at 180°. Recrystal- 
lisatoon apparently causes some hydrolysis, and it is difficult to obtain well-defined . 

Guantdine al 2— from opens solutions of the acid and idine hydrochloride, this salt 


ep fio’. y soluble in water (Found: (CN,H,),O, 014; FeO, 254; WO,, 
33 CMH DLO Fe Fe 0422 W0, 13H,0 requires (CN ob. 9-04; Fe,0, 265: WO, 
72: H 10, 3.59%); it retains 6H,O at 


Silver salt. The silver salt, prepared rom sqntou solutions of the acid and silver nitrate, formed 
othe feat Ho, 8 won m salts (Found : 15-76; Fe,O 
WO,, 76-47 10: 4-5Ag40,Fe H,O requ pnt Sy ah wor 
76-36; H,O, 5-66%). ee ae Seen oe it dissolves 
complete i ate mtr a mito teparatuon ot tungstic 


—— ye oe be Be ner 


ee —* ist: Wo, — — — —— 


———— and the other salts described can be 
based on the same complex ion. 
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Analysss.—This has been based. 


Tungsten was determined as trioxide after prec 
, the anion of tungstoferric acid being 


might be expected to 


since smal! amounts 
-formulation 
A final decision is, however, scarcely possible on analytical grounds alone 
The author is indebted to Dr. G. J. Murdoch and Miss M. H. C. Wiseman for assistance in the early 
stages of this vestigation, and to Mr. James Cameron for micro-nitrogen determinations. 


Tus Universtry, Giascow, W.2. (Received, May 18th, 1950.) 





485. Heteropoly-tungstic Acids and Heteropoly-tungstates. Part II. 
11-T'wngato-aluminic, -chromic(II1), and -manganic(II1) Acids and 
their Salts. 


By Jouww A. Marz and Joun L. T. Wavuocu 


Following the al methods outlined in Part | (preceding paper), three further 11-hetero- 
poly-tungstic ac have been isolated, all with tervalent central ions. These are 1)-tungsto 
aluminic, chromic(III), and -manganic(I11) acid. The first two have been obtained in solid 
form, the third in solution only. From all three, salts have been prepared and characterised. A 
microscopical examination has been made of some of the salts to determine their principal! 
optical constants. Some physical constants, including specific gravity and pH of aqueous 
solutions, have been noted 


By saturation of ammonium paratungstate solutions with aluminium hydroxide, Daniels 
(UJ. Amer. Chem. Soc., 1008, 30, 1846) obtained a colourless semi-transparent mass, assumed to 
be the ammonium salt of a tungstoaluminic acid, and from it prepared salts of metals by double 
decomposition. The free acid could not be isolated. Various heteropoly-tungstates of tervalent 
chromium and manganese, prepared by similar methods, have been described by Balke and 
Smith (idid., 1903, 25, 1230), Daniels (Joc. cit.), and Rogers and Smith (ibid., 1904, 26, 1745). These 
products were of variable composition, giving values of the ratio R,O, : WO, between | : 9 and 
1: 12, and according to Rosenheim (Abegg's “ Handbuch,”’ Vol. 4, Part 1, p. 1050) they were not 
detinite compounds, Of the corresponding molybdenum compounds, only 6-molybdo-aluminates 
and -chromates are known, no compounds of higher series being formed. Tervalent manganese 
does not appear to form molybdate complexes, but quadrivalent manganese does, giving 
apparently a series of 9-molybdomanganates (Friedhbeim and Keller, Ber., 1906, 39, 4301). 

Since electrolytes are virtually absent in saturations of ammonium paratungstate with metallic 
hydroxides, there is nothing to prevent extensive peptisation, and the products obtained by Daniels 
et ai, undoubtedly contained an excess of metallic hydroxide, accounting for the low values of the 
ratio R,O,: WO,. Theready peptisation of ferric hydroxide insaturationsof sodium paratungstate 
(Part 1) confirms this view. Kosenheim (loc. ci.) is therefore justified in assuming that these 
tungsto-aluminates, -chromates, and -manganates are not definite compounds 

The solubilities of the alkah §-heteropoly-tungstates and -molybdates are usually sufficiently 
low to permit the preparation of well-defined crystalline specimens by direct saturation of boiling 
alkali paratungstate or paramolybdate solutions with the appropriate metal nitrate or chloride 
In some cases, however, where a very insoluble double alkali metal-metal paratungstate is 
formed, indirect methods must be used. The alkali salts of heteropoly-acids of higher series 
containing metallic substituents are much more soluble, and it is difficult to obtain authentic 
specimens from the complex mother-liquors derived from saturations. The isolation of the free 
heteropoly-acids is thus most desirable. 

The general methods of preparation have been set out in Part I. Boiling sodium para- 
tungstate solutions, with a pH >6:4, are capable of precipitating aluminium, chromium, and 
manganic hydroxides from salts of the metals. Saturation with aqueous solutions of aluminium 
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nitrate runs smoothly, with virtually no secondary precipitation, the stoicheiometric basis being 
the same as that used in the preparation of 11-tungstoferric(III) acid. The pH of the saturated 
mother-hquor is <4 and the ether addition compound of 11-tungstoaluminic acid can be isolated 
by extraction with ether and 6m-sulphuric acid. Saturation of boiling sodium paratungstate 
solutions with aqueous chromium nitrate proceeds smoothly at first, but im the later stages 
precipitation of a green sodium chromium tungstate (approximately of paratungstate type) 
takes place. The pH of the saturated mother-liquor is between 5 and 6, and attempts at extrac- 
tion with ether and 6m-sulphuric acid lead only to extensive precipitation of tungstic acid. 
It is necessary to acidify the hot mother-liquor with dilute nitric acid until the pH has fallen 
to 3. After cooling, extraction with ether and 6m-sulphuric acid can be carried out, though 
some emulsification is usual. The ready hydrolysis of manganic salts makes the use of dilute 
solutions of these as saturating agents scarcely practicable. Three methods of preparation 
have been used to obtain the saturated mother-liquor from which 11-tungstomanganic(III) 
acid can be extracted : (1) Saturation of boiling sodium paratungstate solution with an excess 
of freshly prepared manganic hydroxide, dilute nitric acid being slowly added in 10% excess of 
that required to convert the paratungstate into metatungstate. (2) Addition of solid potassium 
hexacyanomanganate(III), slowly and in small amounts to a boiling sodium paratungstate 
solution; hydrolysis to manganic hydroxide takes place at once, and this is readily taken up 
by the paratungstate. Because of the alkaline hydrolysis products of the hexacyanomanganate 
the solution must be acidified while hot with dilute sulphuric acid to bring the pH below 4 before 
extraction of the 11-tungstomanganic(ITI) acid with ether and 6m-sulphuric acid. (3) The 
best method is saturation of boiling sodium paratungstate solutions with small successive 
portions of an intimate mixture of manganous sulphate and potassium persulphate ; this i is 
similar to Friedheim and Keller's method (loc. cit.) for the preparation of the molybd 

Oxidation of Mn** to Mu** takes place in situ, and the decomposition products of the per- 
sulphate give a mother-liquor of pH <4, from which, after removal of suspended manganese 
oxides, 11-tungstomanganic acid can be extracted without difficulty by Drechsel’s method. 

For reasons stated in Part I, the ether addition compounds obtained by Drechsel’s method 
contain, in addition to tungsto-aluminic, -chromic, or -manganic acid, substantial amounts of 
metatungstic acid. From the first two acids this can be removed by repeated evaporation 
of their aqueous solutions, followed by baking, but the stability of the third acid is too low to 
withstand this treatment, and the acid has been obtained only in aqueous solution. 

Analysis of the free acids and their salts shows that they are of similar composition to 
1]-tungstoferric(III) acid, the value of R,O,: WO, approximating to 1:22. The four acids 
may thus be formulated as R,O,,22WO,,aq. or Hig/R,W,,0,4),aq. The solubility of the acids 
in water is so high that only crystal aggregates can be obtained, though octahedral outlines 
appear on long keeping of concentrated solutions. Isomorphism is, however, shown by the 
salts, which vary in basicity between 8 and 10, and are all substantially hydrated. Tungsto- 
aluminic acid and its salts are colourless, the chromic acid and its salts pale green or, exception- 
ally, violet, and the manganic acid and its salts intensely deep red. The ammonium, potassium, 
and barium salts are readily soluble in water, and crystallise well, but usually effloresce when 
kept, breaking down into microcrystalline powders. Isomorphism is very marked with the 
potassium and barium salts. The guanidine and silver salts are much less soluble, giving only 
small but well-defined crystals. 

A microscopic examination has been made of some of the salts to determine their principal 
optical constants. The colour of the tungstc tes is dependent on the colour of the 
crystal sections, varying from a light yellow in very thin sections to a dark red. Similarly, 
the tungstochromates appear colourless in thin sections and light green in thicker, while the 
tungstoaluminates are colourless. Typically octahedral cleavage is shown by nearly all crystal 








different crystalline hydrates, one of which is cubic. Ammonium tungstomanganate, when 
dehydrated over phosphoric acid, is also cubic, but when exposed to the ae 
; : — 


axial figures to be easily observed. The guanidine salts are uniformly 











EXPERIMENTAL. 


The starting materia! for the Un pepe of the acids was a solution of sodium paratungstate, obtained 
y — 194-4 mil. of w-nitric ac 


to a solution of 56-12 g. of sodium tungstate dihydrate in 400 mi. of 


— Aeid.—To the — solution, mechanically stirred, was 
~24 hours, a solution o 3* g. of hydrated aluminium nitrate in 500 ml. of water. 
s of the aluminiam nitrate being — this gives nitric acid 30%, in excess of that 
8 mi. of ¥.) to convert the para- into meta-tungstate (cf. pr paper, p. 2364). scaly 
precipitate formed with each drop of aluminium nitrate solution redissolved at —* and 
bo permanent precipitate remained at the end of the saturation. The pH of the cold —* 4 
below 4. 


Tungstochromic Acid.—Under similar conditions, $1 g. of chromium nitrate nonahydrate in 500 mi 
of water gave rise to a pale green precipitate of a sodium chromium —— from an early » 





wing presence 4 para- 
ungstate. To 5 this, ml. of 4"-nitric acid wall, ‘slowly added to the hot solution, the final 
pH being below 4. In the hope that chromium would enter weed gone gr yk nucleus more readily 
when present in anionic form, K,CriCN), and oF, were o nitrate, but 
hydrolysis of these salts was very incomplete, and use was less satisfactory. 


somangantc Acid.—-Three methods of tion were used, the third being the best. (1) To 
the paratungstate ee were added 10 g. of fresh manganic hydroxide, prepared according to 
pas Nerlich (Z. anor, 1921, 116, 125). To the mechanically stirred suspension were 
during 20—24 hours 6 ‘a 7 N-nitric acid (10% excess) * up to ml. The dark red colour 
of tervalent manganese deepened gradually, but in at least half the preparations hydrolysis took place 
quite suddenly in the later stages, precipitating the tervalent manganese already taken up, and leaving 
only a pale yellow solution, KMart amounts of a sodium manganous paratungstate. (2) 
Similarly, on addition of 8 g. of K,Mn(CN), simultaneously with 120 ml. of n-nitric acid (to react with 
the albatine hydr products), the K,Ma(CN), was seen to be immediately hydrolysed, and the 
hydroxide was vapiaty taken up by the paratu te. —— amounts of H,MnO, remained at 
the end of saturation. (3) To avoid the nec y for acidification during saturation, Friedheim and 
Keller’ s method (Joc. est.) for the preparation of mol tes was tried, an intimate mixture of 
Iphate tetrahydrate (7 g.) and potassium persulphate (9 g.) being added under the usua! 
coaditions to the paratungstate. The deep red colour of Ma III) became more intense as saturation 
proceeded. There was little secondary prec —— of H,MnO,, and the final pH, owing to hydrolysis 
of the persulphate ion, was below 4, no acidification being necessary. 

The Free Acids.—On completion of the saturations, the solutions were concentrated to about 200 m! , 
cooled, and kept at 6° for 20-24 hours to allow any unchanged paratungstate (not necessarily absent 
at pH values <4) to separate. The solutions, after filtration, were cooled in ice, mechanically stirred 

. after the addition of 300—400 ml. of dry ether, acidified slowly with 400 mi. of 6m-sulphuric acid 
With tungstochromic acid emulsification was frequent and could not be avoided. 


The mixture, on being transferred to a ating funnel, formed three layers, the lowest bei 
the ether addition compound of the het 'y-acid, colourless in the case o a acid 
pale green with tungstochromic acid, and an intense dark red with tungstomanganic acid 
compounds were treed from entrained mother-liquor by dropping them through three successive 

of dry ether. They were finally run into water, and the ether was removed by an air current. The 
first two acids were finally isolated in solid form by evaporation to dryness, ba at 120-—130", 
extraction of the residue with water, and concentration in vacuo over sulphuric acid, as for tungstoferric 
acid. Tungstomanganic acid was too unstable to withstand this treatment, but its aqueous solution is 
comparatively stable and gives the corresponding salts without difficulty 


11-Tengstoalumenic acid is a colourless solid, very soluble in water, obtained only — tal aggregates ; 
it shows no definite break in the temperature-dehydration curve (Found: Al,O,, 1-66; WO,, 54-70; 
H,O, 1631. Al,O, 22WO,49H,0 requires Al,O,, 1-67; WO,, 83-83; H,0, 14 8 Its apparent 
basicity was 10, as found by potentionetete titration with sodium hydroxide.® 














- This acid can ‘be represented as H,,(Al,W,,0,,).44H,0, and the other acids ‘and | their salts can 
be formulated as if containing a similar complex son 





(1950) and — E—— Part Il. 


(N a arate med 607. HAO. ay eet arcs | 8 

(NH 100. 3435 Ale ; bes: Wo, st30: H, H,0, 100% wre ey — 
stable in air, but bectine op ong 

octahedra. or the aa 135 


Guanidine 11 -tungstoaluminate was — ay San SS of fring on ea © solution to a 
edutinn of Go Seems. AW pn rene ys tion from water, 


16. *- * * ot Gears i : 
HO. 3 58% * — Sa res | pte — 190 tion, ¢ 


of this salt are Dania! magstive ond of small optic axial “Gs highest retractive index 
exceeds 1-78; the lowest is 1-768. 


Potassium 11-tungstoaluminate, prepared from concentrated aqueous solutions of potassium nitrate 
ont Gs Sees Sener ea ene wen but relatively easily 
pe a ment ng meena The crystals are efflorescent, mg vee breaking down to a white 

microcrystalline po to air. The pH of an approx. 0- solution was 472. A 





complete analysic wes mot obtained, but AlyO, : W O, was determined as ca. 1 : 22 


The barium and the caesium salt are less well defined. The former is very soluble in water, *2* 
from concentrated solutions as a white microcrystalline ; the latter as colourless 


opaque prisms, sparingly soluble in water. —— — — 


11-Tungstochromic(III) acid was a pale green solid, aes SS a aggregates from con- 
eT ante It was very soluble in water. No sa sary anaipell eos been ebtahne’ 
for this acid, though it forms well-defined salts. 

stochromate(I1I), prepared from concentrated 
forme large — —— — 
— oc a, ’ 

octahedra or rec lar prisms. These are uniaxial positive, and probably o 
The green hydrate —— indices w = 1-775, ¢ = 1-736; 4 4619; and the - 
solution is 2-83. Both hydra “HO, 1230. Green 4(N,0.Cr(0y2 y stable in air NH,,o, 
3-07; CryO,y, 2-44; wo, 8s. 82. 10: H 2-39. Green 4(NH,),0,Cr,0, 22WO,,43H,0 requires IN H,),0, 
3-33; Cr,O,, 2-44; WO,, 81-81; Hb. 12-41% 

Barium 11-tungstochromate(I11), yun concentrated aqueous solutions of the free acid 
and barium c , or by direct neu mene ar ne San eee ee 


= —— — octahedra, rapidly 
©. 1201, Cr,0, 221; WO, 7408: so | 
Cr,O,, 2-24; ‘wo. 75-08: H,O. 11-30%); 24@ sie: pH of 0-002m-solution, 2 


Guanidine 11-tungstochromate(II1) separates as a pale green ———— powder when aqueous 
solutions of guanidine hydrochloride and the free —* —* mixed. Recrystallisation from water, in 
which it is ngly soluble, gives small pale (Found 
11-39; Cr,O,, 247; WO, 83-24; H,O, rae 5 
11-01: Cr,0,. 250; WO, 83-83; H,O, 2 
small optic axial angle; d 4-284; pH of 0 Sonu teotution. * 64 


large pale green 
efflorescing to a mic wder. the equaeen eotetions 
—— 2-88. No com analysis was obtained but ‘ar ra 
22 


11-Twngstomanganic(II1) Acid.—This acid was obtained only in admixture with metatu ic acid, 
but its aqueous solution was stable and was used for the preparation of salts. There is no reduction on 
exposure to daylight. 

ee eee 
because of their red salt forms a ho 1s 
almost ) pon hn (Found : ny "0. baa Mast O,, 244; WO,, 2. 1378. 
4(NH,),0.Mn,0,.22WO, 49H,O requires (NH ‘5, 3-27; MnO, 248; WO, 80-35; 4,0; 13.89%), 
423-844, very soluble in water (pH o' ution, 5-02), and becoming opaque on exposure 
Dehydration over — —2— ‘708. TThere is alsoa higher —8* 
is anisotropic, pr y tetragonal, and of lower refractive index. 

Barium salt. Prepared by direct neutralisation of emt ~ gg + ly 7 
carbonate, this salt forms large deep red won do (Found : 12-64; » 24 
WO,, 79-04; ety was Ba M40, 22WO, S0H,0 requires BaO, 12-00; MnO. 3-44: ote 
H,0. 5-63%), stable in air. ice | * a 217 ——— 

Guanidine sali. This salt is, sparing! 
ane ar proms the free acid. It is 


. d 4322 Found cy, 
—8* Sw fn, — 17H,0 erated 
* Toe: the * nw me be a, 
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Silver salt. This was most probably of tetragonal symmetry; « >1-7; 45-828; pH of 0-002™- 
solution, 244. The ratio Ma,O, : WO, was determined as approx. | ; 22. — 


microcrystalline extensively 
solution, #47; « > 1-7. The ratic », : WO, was found to be approx. 1 : 


The more soluble sate separate very skwly from their mother: liquors, i some cases nly after several 
weeks at 6 


A suitable medium was obtained — 
hs of Bil, 5g of Snl,, and 4g. each of 


g. of methyl- 


eS the mixture rule being used to calculate the index 
direct measurement. using a cell made from a microscope slide with a 0-5" diameter hole cut 
in rae being a cover-alip cemented to the lower side. This gave a depth of liquid within the 
working distance of the microscope high-power objective. 
Analyns —Barium was determined as 


with excess of ferrous sulphate, and back-titration 

peroxide in alkaline solution, converted into sulphate Reduction of the tungsto- 
manganates in hydrochloric-h ic acid solution, followed by distillation of the bromine into 
excess of potassium iodide titration of the iodine set free, established the tervalent state of the 
manganese and oe a confirmatory value for the metal. Ammonia was determined by distillation 
mto standard acid. —A Water was determined by 
dehydration at progressively temperatures, finally by ignition. No breaks in the ay taganies 


dehydration curves were corresponding to tower hydrates, decomposition usually 
above 160° 


The authors thank Dr. T. H. Goodwin for advice and assistance in the mi al measurements 
and Mr James Cameron for micro-nitrogen determinations. One of them (J. L. T. ) is also indebted 
to the Department of Scientific and Industrial Research for a n.aintenance grant covering part of the 
period of this work. 


Tux University, Grascow, W.2. |Received, May 18th, 1950.) 





486. Chemistry of New Zealand Melicope Species. Part IV.* 
Conatituents of the Bark of Melicope simplex. 
By Livpsay H. Brroos and R. H. Locker. 
The dimethyichromens, evedionol and allcevodioncol T-methy! ether, the flavonols, 
meliternatio and ternatin, and two new flavonols, melisimplexin, C,H,,O,, and melisimplin, 
Cyplt OO». have been isolated from the bark of Melicope simplex. Degradative experiments 


show that the last two compounds are 3: 5:6: 7-tetramethoxy-3' : 4’-methylenedioxyflavone 
and S-hydroxy-3 | 6: 7-trimethoxy-3’ : 4’-methylenedioxyflavone respectively 


Melicope simplex (genus Melicope, order Rutaceaes, Maori name “‘ Poataniwha "’) is a small tree 
3 12 feet high, endemic to, and distributed through, both Islands of New Zealand. As with 
Meliwope ternata, the inner bark is yellow, aromatic, and bitter. 

The resin, which separated during the extraction of the dried bark with light petroleum, was 
separated by fractional crystallisation into meliternatin, whose constitution has now been revised 
from that described in Part I (/., 1949, 2157) to (1) (forthcoming communication) and two new 
flavonols, C,,H,.O, and C,H ,,O,, for which the names melisimplin and melisimplexin respectively 
are proposed. The residual light-petroleum extract afforded (a) evodionoi (Il), a dimethyl- 
chromen derivative occurring in Evodia littoralis (Lahey and Jones, Unw. Queensiand —- 
Dept. Chem, 1939. 1, No. 13; cf. Lahey, ibid, 1940, 1, No. 17; 1942, 1, Nos. 20, 21), and (6) a 
further dimetbylchromen derivative, alloevodiony! 7 ~methy! ether (III), first isolated by Jones 
and Wright (Umie. Queensiand Papers, Dept. Chem., 1946, 1, No. 27) from the essential oil of a 
physiological! form of &. elleryana and later by Sutherland (ihid., 1949, 1, No. 35) from the essential 
oil of Medicosma cunning hemi 


* Parts AII of this series were published under the title “ Flavonols from the Bark of Melicope 
Ternata.” 
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In a separate experiment, the bark was extracted with acetone; and the extract afforded a 
minute amount of ternatin (IV) (cf. Parts I and III, J., 1950, 864). 


H, Me 
OKT Or 2 


(IL) (mt) 


Melisimplexin, CygH , ,O, —Melisimplexin contains four methoxy! groups and gives a positive 
methylenedioxy-test. Reduction with magnesium in acid solution or sodium amalgam followed 
by acidification gave orange-red colours, indicative of a flavone with a methoxy! group at C,,.. 
Its insolubility in alkalis, its negative ferric chloride reaction, and its solubility in concentrated 
hydrochloric acid with an intense yellow colour show that melisimplexin is a fully alkylated 
flavonol. It is therefore a tetramethoxymethylenedioxyflavone isomeric with meliternin, 
which it resembles very closely. 

Hydrolysis with alcoholic potassium hydroxide ga — nee tetramethyl ether and 
piperonylic acid. Melisimplexin must therefore be 3: 5: 6 : 7-tetramethoxy-3’ : 4’-methylene- 
dioxyflavone (V), a derivative of quercetagetin. 

Melisimplin, C,,H,,O,.—Melisimplin contains three methoxy! groups and gives a positive 
test for the methylenedioxy-group. Reduction under the acid and the alkaline conditions 
previously mentioned indicated a flavonol methylated on C,,. Although insoluble in alkalis 
and concentrated hydrochloric acid it gave a green colour with ferric chloride characteristic of a 
5-hydroxyflavonol with the remaining phenolic groups methylated (details of these observations 
will be submitted later). The presence of one free hydroxyl group was confirmed by the 
preparation of the monoacetate, C,,H,,O,. Melisimplin must therefore be a 5-hydroxytri- 
methoxymethylenedioxyfiavone. Methylation yielded melisimplexin, so that :nelisimplin must 
be 5-hydroxy-3 : 6 : 7-trimethoxy-3’ : 4’-methylenedioxyflavone (VI). The constitution of both 
melisimplexin and melisimplin has been confirmed by synthesis (succeeding paper). 

For the small quantities of compounds isolated in these investigations we have found it 
expedient at times to purify the compounds as their acetyl derivatives, best prepared by acetic 
anhydride and a drop of 60% perchloric acid at room temperature (cf. Conant and Bramann, 


/O-CH, O-CH, 
— 


——— AD ff 
~~; 8B ean OOK (VL) 
Mes ¥ ‘one r é OMe 
e) 


J. Amer. Chem. Soc., 1928, 50, 2305). The flavonols do not dissolve in the acetic anhydride 
but do so immediately on the addition of the catalyst with the evolution of heat and production 
of a red colour. In some cases yellow crystals separate which decompose in water to give the 
colourless acetate. It appears that the initial product is the perchlorate of the acetate. Com- 
plete and immediate hydrolysis occurred when the flavonol acetates were dissolved in cold 
concentrated sulphuric acid. Dilution of the acid deposited the pure flavonol. Equal! success 
has been attained in the hydroxyanthraquinone series. 


EXPERIMENTAL. 
(M. p.s are corr.) 
Isolation of Conststuents.—The bark was collected in August from mature trees of Melicope mplex 


Gets & Se sates Seas ae The dark outer layer was scraped off and the yellow inner 
& dried in air and finely powdered 


ment the bark (66 g.) was extracted with t (b. p. 50—60°) for 3 hours 
a cote The extract was cooled and tho cleat penee solution donsabed ted from 
in acetone. ‘On concentration and 
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The main quantity of bark (420 g.) was extracted with petroleum (b. p. 060°) for 24 hours. 
— im acetone. The filtered acetone 
— — vans ty hae 100 ¢.c. and set aside. The crystalline material which separated, after 
repeated crystallisation from ethyl! acetate and finally trom acetone, formed light yellow needles of 

melisimplin, m. p. 233-5—234-5° (236 mg). 
— Sean eeeeahed tor Galan Ginodend te the ot aie onan ena The pale cream-coloured solid 
being dissolved in the first ethy! acetate mother-liquor from the purification 
Slender cream-coloured needles were separated mechanically from colourless 
rystallised twice from alcohol and finally from acetone. melisimplesin 

Glesje mg.) 00 obtained had m. p. 168-6—168-6". 

* material « from alcohol in sinal) colourless needies, 
by meliternatin but attempta to raise it by fes 
complete was 


crystalline residue ( croton ge m. p. 161—-165°, raised to 183-5-—184-5", 
plexin, on recrystallisation from alce and twice from acetone (total yield of 
melisimplexin, ca. 70 mg.) 
The ressdues from the third— sixth fractions were combined and after crystallisation from alcohol and 
dioxan-water formed colourless needles of meliternatin, m. p. 198— 198-5". 


The light-petroleum solution from the original extraction was shaken successively with saturated 
sodium hydrogen carbonate, sodium carbonate, and 10% 28 — solution. The first two 
fractions were only — coloured and were not invest The sodium hydroxide extracts, 
however, were bright yellow and on acidification yielded ev a as a dark yellow solid, crystallising 
from alcohol in rhombic prisms, m. p. §6—86-5° (287 mg ) 

The light-petroleum fraction was then shaken with 5%, hydrochloric acid. Alkaloids were not 
present in table quantity, as shown by the very slight precipitates when the acid extracts were 
treated with —* ead Dragendorff's reagents 


Finally, the light petroleum extract was concentrated and set aside. Yellow crystals separated with 
resinous material but, after r ted crystallisation from alcohol, colourless rhombic plates of a/loevodiony! 
7-methy! ether, mp. 105-5— 106° (534 mg), were obtained 
In a further experiment, a sample of bark was extracted with acetone and the solid extract dissolved 
in chloroform is solution was washed successively with sodium hydrogen carbonate, carbonate, and 
hydroxide solutions. The material obtained by acidifying the last extract crystallised in slender yellow 
needles (ca 3 mg.}), m. p. and mixed m. p. with ternatin, 210-——212° 


Melissmplerin —Melisimplexin crystallises from acetone in colourless flattened needles, mp. 183-5— 
184-5", with an unusually high solubslity = hot alcohol (Found: C, 620; H, 48; OMe,31-4 C,.H,,O, 
requires (, 62-2; H, 4 7. 40Me, 32-1% a pa a green colour within 10 minutes in the methylene- 
dioxy-test with concentrated 22 cia gailic acid 


Hydrolyss. A solution of melisimplexin (99 mg.) in alcohol (2 c.c. of 80%) an rtassium hydroxide 
(200 mg.) was heated under reflux for 5 hours, concentrated to half volume, —— with water 
(2 c« Most of the remaining alcohol was boiled off and more water (3 c.c.) added. The filtered 
solution was saturated with carbon dioxide, precipitating slender colourless needles (fraction 1). After 
removal of the crystalline material, the residue was extracted with ether, yielding a greasy residue 


(fraction 11). Acidification of the aqueous layer with hydrochloric acid precipitated a colourless solid 
(fraction 111) 


Fraction | (35 mg.) was a potassium salt. When acidified with dilute hydrochloric acid it yielded, 
through extraction by ether, a colourless solid which, after 3 crystallisations from water, 
mp. and mixed m. p. with a specimen of quercetagetol tetramethyl ether prepared synthetically 
(succeeding paper), 71°. Also in agreement with this identification were its insolubility in sodium 
carbonate ution, ite ready solubility in 10%, sodium hydroxide solution, and its brown colour with 
ferric chloride. Fraction II afforded a further 11 mg. of the same compound by similar treatment 

Fraction LI | * Ay, } recrystallised from alcohol in colourless prisms, m. p. and mixed m. p. with 
piperonylic acid, 


Meissemplen J— erystallises from ethyl acetate or acetone in light yellow needles, m 
234..235° (Found. C, 68; H, 45; OMe, 21-8, 230. C,,H,,O, requires C, 61-3; H, 43; 30Me 
25-0%,). It forms a bright yellow ——- with concentrated sulphuric acid and with gallic acid this 
changes to a clear green within § hour yak colour is produced on reduction with magnesium and 
hydrochioric acid of with sodium amalgam: tc jowed by acidification 

~~ (25 mg.) was treated with acetic anhydride (0-5 c.c.) and 60% perchloric acid (1 drop) in 
the cold ‘ellow crystals formed when the orange solution was stirred. After addition of water, how- 
ever, a colourless acetate formed which crystallised from alcohol in colourless needles, m. p. 201-5—202° 
(Found: ©, @-7; H. 44. C,,H,,O, requires C, 60-9; H, 4-3%) 

Methylation of malisimplin to melisumplexin. Melisimplin (50 mg.), in dry acetone (8 c.c.), was refluxed 
for 5 hours with methyl sulphate (0-04 c.c., 3 mols.) anhydrous potassium carbonate (0-5 g.). The 
acetone portion and washings of the solid material, on concentration, afforded colourless needles which, 
after recrystallisation from alcohol, had m. p. and mixed m. p. with melisimplexin, 181-5— 182-5 


Deathylahon of melisieplin. Melisimplin (40 mg.) was heated for | hour at 140° with hydriodic acid 
(3c.c.; @ 1-7) in an atmosphere of carbon dioxide. The brown solid (34 mg.) formed when the mixture 
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. formed colourless needles 
m. > & 201—202°, Sires — p. 212—213"; cf. Part 1) * 
the mixed m. Ae EN further purification. 
Evodsonol.— This compou Core: HS yellow prisms, m. p. 
evodionol, 86-—86-5° "Found * 6 H, ——* — (cbulinacopic it benseoe. b> 
C, 67-8; H, 00%; BM. 248 22 yp pe 
yielding faintly in deus compel ferric chloride reaction was green. 
Fang bem femyl pe the authentic compound. 
Conteneen wananetens by Oe Spot — ye —— — 
The methy! ether crystallised from in colourless rhombic prisms, m. p. 79-5—80", identic 
mixed m. p., with a sample of the same m. p. prepared from authentic evodionol. 


allo£ vodtonyl 7-Methyl Ether. —This constituent from alcohol in rhombic plates, m. p. and 

a eh nts Sasa ae. 5 106° (Found: C, 600; H, 7-1. Cale. for 
,H,,0,: C, 687; H, 69 It was slightly soluble in concentrated h hloric acid and freely 
—* in concentrated sul uric — with an intensely yellow —* benzylidene derivative, 
to Sutherland (loc. cit.), crystallised from methyl alcohol in yellow . m. p. and 

ean. — 7-methyl ether, 160 6 1606 6*. ok 4 


The analyses are by Drs ais oes See Sa We are indebted to the Chemical Society, the 
~ . . the A Zealand Association for the Advancement of 
of New Zealand for ts and for a 
to one of us (R. H. L.), and to Messrs. M. D. Sutherland and 5. E. Wright for 
samples of ev and alloevodiony! methy! ether. 


Avuckianp University Cottece, AUCKLAND, New ZraALanp. Received, May th, 1950 





487. Chemisiry of New Zealand Melicope Species. Part V. A 
Synthesis of 6-Hydrory-3 : 5: 7-trimethoxy-3' : 4'-methylenediory- 
flavone, Melisimplexin, and Melisimplin. 

By Lixpsay H. Bricos and R. H. Locker. 


The above compounds have been synthesised by an application of the method of Row and 
Seshadri (Proc. Indian Acad. Sci., 1946, 23, B, 23) for the synthesis of 5 : 6 : 7-hydroxyflavonols 


SesHapri and his co-workers (cf. Balakrishna, Seshadri, and Viswanath, Proc. Indian Acad. 
Sei., 1949, 30, A, 120, and earlier papers) have introduced methods for the nuclear oxidation of 
filavones leading to 5 : 8-di- and 5: 7 : 8-tri-hydroxy-derivatives. 6:6: 7-Trihydroxy-derivatives 
cannot be thus prepared but Row and Seshadri (ibid., 1946, 23, B, 23) were successful 
by employing nuclear oxidation at the acetophenone stage before condensation to the flavone. 
By an application of the last method, 6-hydroxy-3 : 5: 7-trimethoxy-3' : 4’-methylenedioxy- 
flavone melisimplexin, and melisimplin, all 5 : 6 : 7-derivatives, have been synthesised according 
to the scheme shown on the next page. 

Partial methylation of 2: 4: 6-trihydroxy-w-methoxyacetophenone (I) with 2 moles of 
methby! sulphate afforded the 2 : 4-dimethy! ether (11), oxidised by potassium persulphate to 
3 : 6-dihydroxy-2 : 4: w-trimethoxyacetophenone (III). Partial methylation of the last named 
compound yielded quercetagetol tetramethy! ether (IV) required for comparison with one of the 
hydrolytic products of melisimplexin (cf. Part IV, preceding paper). Condensation of (III) with 
piperonylic anhydride and potassium piperonylate followed by treatment with alcoholic 
potassium hydroxide afforded 6-hydroxy-3: 5: 7-trimethoxy-3’ : 4’-methylenedioxyflavone 
(V). Methylation gave melisimplexin (V1), identified by mixed melting point and its ultra-violet 
absorption spectrum. Partial demethylation of melisimplexin with aluminium chloride in 
boiling ethereal solution afforded melisimplin (VII). Methoxy! groups at C,,, are demethylated 
by alummium chloride only at 100°, and not at room temperature (cf. Shah, Virkar, and 
Venkataraman, J. Indian Chem. Soc., 1942, 19, 135), whereas methoxy] groups at C,,, are 
demethylated under the above conditions (cf. a Je 1939, 961; Baker and Wilson, /., 1940, 

vones where the 3-hydroxy! 


examples 
of the inverse case. For these and other reasons (cf. Part IV) the free hydroxyl group of 
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— ee 
degradative experiments (Part IV) are thus confirmed. 


Hof’ You — Meo NOH Kay Meo” OH 
ee 2 HO. ICO-CH, OMe 
{ 


Me 
(L.) at) (I11.) 


| meso, 


mea’ Son 
MeO. (COCHyOMe 


Wate 


lv.) 


melisimplexin. } (VII; melisimplin.) 


EXPERIMENTAL. 
(M. p.s are corr.) 


6-Hydrosy-3 5 7-trimethoxy-3 . 4 -methylenedioxyflavone.—2 . 4. 6- Trihydroxy -#-methoxyaceto- 
phenone (Slater and Stephen, J., 1920, 312) was partly es and 2-hydroxy-4 : 6 : » trimethoxy- 
acetophenone obtained as thin colourless piates, m. ~water (1:2). Row and 


Seshadri (loc. cit.) record colourless — 2* 03—104° Persulphate oxidation of the product 
afforded 3: 6-dihydroxy-2 : 4: ats crystallising from water in bright yellow, 





slender, flat needles, m od 130-5141. 5° Addition of benzov! peroxide did not improve the yield above 
that obtained by Row and Seshadri (loc. es.), who obtained rhombohedral plates, m. p. 135—136" 
Methylation of the last named product according to Row and Seshadri yielded quercetagetol tetramethyl 
ether, m. p. 71°, crystallising from water in colourless needies, undepressed in m. p. by a product of the 
same m. p. obtained by hydrolysis of melisimplexin (Part LV, joc. est.). Row and Seshadri (Joc. eit.) 
record long, rectangular plates, m. p. 77—78°. 


3. 6-Dihydroxy-2 : 4: ew trimethoxyacetophenone (680 mg., 1 mol.), piperonylic anhydride (2-2 g., 
2-5 mols *8* and Seshadri, Proc. Indian Acad. Sei., 1046, oY 148) and um piperonylate (920 mg., 
15 mols ywdered together and heated at 170—175°/300 mm 2 hours. The fawn-coloured 
melt was pos ed and for a short time with alcohol (60 «.) and water (4 c.c.) 
€ hydroxide (6g.). The bulk of the alcoho! was distilled off under reduced pressure 
and the — with water. When carbon dioxide was bubbled into the solution, 
crystalline 6-+ydrowy-3 . 5: T-trimethowy-3’ : 4'-methylenedionyflavone (440 mg.) separated, which, after 
5 sooryeneantiane from alcohol, formed colourless, wey plates, m. p. 244-5-—246° (Found: C, 
61-8; H. 46. C.,H,.O, requires C, 61-3; H, 43%) flavonol is insoluble in sodium carbonate 
solution but soluble in sodium hydroxide solution — — a yellow solution from which the sodium salt 
soon separates as needies. It has a limited solubility in concentrated hydrochloric acid but dissolves 
freely in concentrated sulphuric acid with a bright yellow colour. Ferric chloride produces no colour, 
but acid or alkaline reduction gives strong red colours. 


The monoa etate, ed with acetic anhydride and perchioric acid, after crystallisation from 
alcohol and dioxan, formed colourless, rhombic plates, m. p. 246—-247° (Found: C, 61-2; H, 44. 
Cy, HO» requires C, 60-9; H, 43%) 


Melhsimplexin..A solution of the foregoing flavonol (250 mg.) in dry atetone (10 c.c.) was heated 
under reflux with methy! sulphate (0-3 ¢.c.) and anhydrous potassium carbonate (1 g.) for 4 hours. 
Concentration of the acetone portion and washings yielded colourless, flat needles (217 mg.), which, after 
recrystallisation from acetone, had m. p. 186-—185-5°, undepressed by an authentic ¢ sample of meli- 
simplexin. The ultra-violet absorption spectra of the natural and synthetic specimens also 
(forthooming communication) 


Melsempien —A solution of melimmplexin (150 mg.) and aluminium chloride (1 g.) in dry ether (4 ¢.c.) 
was heated under reflux for 10 hours. After the solution had been poured into water and the whole 
kept for several hours, the precipitate was boiled with glacial acetic acid (5 c.c.) and concentrated 
hydrochteric acid (2- —* ¢.c.) for 20 minutes. The yellow which formed on dilution, after successive 
crystallisation from ethyl acetate and acetone, formed yellow needles (75 mg.), m. p. and mixed m. p. 
with melisimplin, 2 ". The acetate (cf. Part IV), after crystallisation successively from ethyl and 
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methy! alcohol, was obtained as colourless needles, m. p. 199-5—200-5", undepressed by a sample of the 
natural derivative, m. p. 201-5-—202°. 


The oe by Die Rar es Cees Cee We are indebted to the Chemical Society, the 
of New Zealand, the Australian and New Zealand Association for the Advancement of 
Science, wad the — —— — the University of New Zealand for grants and a Research 
Scholarship to one of us (R. H. L.). 


AvcELAND Untversrry Cottece, AvcKLanp, New Zeatanp. | Recewed, May 30th, 1960.) 





488. Furano-compounds. Part XI. The Synthesis of «-Anhydro- 
O-trimethylbrazilone and Related Compounds. 


Seer P. C. Jounson and ALEXANDER Ropertson. 


tho(2’ : 1-2: Le ee rellnndn adam 
di 

















yclisation gave ae - 
3 “Hydrony 6: 6’- and * 
by the same general route. 
-6-methoxycoumarone (XII; R « OH, R’' ~ H) was from 
2-0-carbox —— eti acid (XI; R « R’ = H), and com amo ie 
acetic (XIII; R= 1p wth on cyclisation nw 4 3’-hydroxy-6-met 
2:3)coumarone (X = — — —8 
— Re == OMe). 





By the oxidation of O-trimethylbrazilin (1) with chromic acid Gilbody and Perkin (/., 1002, 81, 
1008; cf. Proc. Chem. Soc., 1899, 16, 27) obtained O-trimethylbrazilone which by loss of water 
under comparatively mild conditions gave a-anhydro-O-trimethylbrazilone. Subsequently 
Perkin and Robinson (J., 1908, 93, 498) formulated O-trimethylbrazilone as (III), a constitution 
which explains the majority of the remarkable reactions of this compound. These authors also 
suggested that the primary oxidation product of O-trimethylbrazilin was the diketone (II) 
which immediately undergoes an intramolecular aldol condensation giving (III), and from an 
examination of the properties and reactions of a-anhydro-O-trimethylbrazilone they concluded 
that it was a $-naphthol derivative (IV) (loc. cit.; J., 1800, 96, 381). 


Mec O-CH,-CO,R 


(T™X.) 
(IV) there appeared to be two promising 
the diazo-ketone (V1; RK «= CO-CHN,) 
~ 1945, 288) and (6) of the acid (XIII; 
of the «position of the coumarone residue 
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a ee oe Se (Robertson a ai., Part VII, /., 1948, 2254; Part X, J., 1949, 
2067). Naphtho(2?’ ; : S)coumarone derivatives of the a-anhydr lone type do not 
— he deetinas asamaah tok: niles caecaiiinn Se.ioeaneiaeeite ak a, exploratory 
experiments on the preparation of typical 3· phenyb 2-acetic acids and their conversion 
into a-naphthol derivatives analogous to (IV) were carried out. 

Ethyl 5-methoxy-2-veratroylphenoxyacetate (V; RK <— Et) was prepared from 2-hydroxy- 
4:3: 4trimethoxybenzophenone and ethyl bromoacetate by the potassium carbonate- 
acetone method, and gave on hydrolysis the acid (V; RK « H) which was cyclised with sodium 
acetate and hot acetic anhydride to 3-(3 : 4-dimethoxypheny!)-6-methoxycoumarone (VI; 
RH). %-(3: 4-Dimethoxyphenyl)-2-formyl-6-methoxycoumarone (VI; RK = CHO) was 
obtained from (V1; R «= H) by Gattermann’s method, and its orientation established by 
oxidation with potassium permanganate in acetone to 3-(3 . 4-dimethoxypheny!)-6-methoxy- 
coumarone-2-carboxylic acid (VI; R «= CO,H), identical with a specimen prepared by the 
hydrolysis of the ester (VI; K = CO,Et) which was formed by the cyclisation of (V; R = Et) 
with alcoholic sodium ethoxide. Condensation of the aldehyde (VI; RK = CHO) with hippuric 
acid in the usual manner gave the azlactone, and on hydrolysis this compound yielded 3-(3 : 4- 
dimethoxypheny!)-6-methoxycoumarone-2-pyruvic acid (VII) which was oxidised with alkaline 
hydrogen peroxide, giving 3-(3 : 4-dimethoxyphenyl)-6-methoxycoumarone-2-acetic acid (VIII). 
Attempts to cyclise the acid (VIII) to 4’-hydroxy-6 : 6” : 7’-trimethoxynaphtho(2’ : 1’-2 : 3)- 
coumarone (IX) by sulphuric acid or by an intramolecular Friedel-Crafts reaction on the acid 
chioride with aluminium chloride in nitrobenzene were unsuccessful but treatment with 
phosphoric oxide in boiling benzene gave the naphthol in small yield. 

From the requisite benzophenones, 4’-hydroxy-6 : 7’- and -6 : 6’-dimethoxynaphtho(2’ : 1’- 
2: 3)coumarone were prepared by the same general method; however, in the synthesis of the 
last-mentioned compound hydrolysis of the azlactone obtained from 2-formy!-6-methoxy-3-m- 
methoxyphenyleoumarone gave a poor yield of the pyruvic acid, and the required acetic acid 
was prepared in quantity by way of its amide from 6-methoxy-3-m-methoxyphenylcoumarone- 
2-carboxylic acid, according to the procedure of Arndt and Eistert. The 4’-hydroxynaphtho- 
(2: 1-2: 3jcoumarones resemble a-anhydro-O-trimethylbrazilone (IV) in readily forming 
azo-dyes with diazonium chlorides but can be readily distinguished from it by their failure 
to give the striking blue colour with warm alcoholic potassium hydroxide containing a little 
chloroform, characteristic of (TV) as well as of (XIV) 

The well-crystallised diazo-ketone (VI; R = CO-CHN,) was prepared from 3-(3: 4-di- 
methoxy pheny!)-6-methoxycoumarone-2-carboxylic acid in the usual manner but our attempts 
to induce this compound to undergo the Cook-Schoental cyclisation (Joc. cit.) and thus 
give »anhydro-O-trimethylbrazilone were unsuccessful. The alternative route to the last- 
mentioned compound was therefore explored 








O,Et . O,R . COR 
Mer OH —* MeO” )O-CHYCO,R pone L 

eS ’-.s K & — ⸗— 

be . bv ‘= 


i’ 
(Xj (XL) 
mea, $e Cou , 
(X11) —— OR pn (xiv 

Before we attempted the synthesis of the intermediate acid (XIII; K — OMe) which on 
cyclisation would be expected to give a-anhydro-O-trimethylbrazilone, model experiments were 
carried out with (XIII; R H). 2-0-Carboxybenzoyl-5-methoxyphenoxyacetic acid (XI; 
R «= R’ «= H) was prepared by the interaction of 2’-carbethoxy-2-hydroxy-4-methoxy- 
benzophenone (X; RK = H) with ethyl bromoacetate and potassium carbonate in boiling 
acetone, followed by hydrolysis of the resulting ester (X1; R =< Et, R’ = H) and, on treatment 
with boiling acetic anhydride containing sodium acetate, this acid was converted into 
3-o-carboxyphenyl-6-methoxycoumarone (XII; R «= OH, R’ = H). With diazomethane the 
acid chloride of (XII; R «— OH, R’ = H) gave the diazo-ketone (XII; R = CHN,, R’ = H) 
from which the 2’-acetic acid (XIII; R « H) was prepared by way of the amide (Arndt- 
Eistert), On cyclisation with sulphuric acid (XIII; R = H) vielded 3’-hydroxy-6-methoxy- 
naphtho(2?’ : 1’-2 : 3)coumarone, the properties of which closely resemble those of «-anhydro-O- 
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trimethylbrazilone. Similarly, brazilinic acid has been prepared by a 
2’-carbethoxy-2-hydroxy-4 : 4’ : 5’-trimethoxyb b (X; R= OMe) (ef. Perkin 
Robinson, loc. cit.; Ray ef al., J. Indien Chom. See., 1933, 10, 617), and on treatment with 
boiling acetic anhydride and potassium acetate gave 3-(2’-carboxy-4’ : 5’-dimethoxypheny!)-6- 
methoxy (XII; R = OH, R’ = OMe) from which the acetic acid (XIII; R = OMe) 
was prepared by way of the diazo-ketone (XII; R = CHN,, R’ « OMe). When cyclised 
with sulphuric acid, the acid (XIII; R =< OMe) furnished 3’-hydroxy-6 : 6’ : 7’-trimethoxy- 
naphtho(2’ : 1’-2 : 3)coumarone, the properties and derivatives of which were identical with 
those of a-anhydro-O-trimethylbrazilone from natural sources 








2 : &-Dibydroxy-3’ : 4’-dim 





(a) An intimate mixture of resorcinol (2 g p ema ae, © i), Sat pendent dns Gint © 8) 
was heated at 160° (oil-bath) for 7 minutes, Sop neh aed om Crystallisation 
residue from dilute alcohol ga — * ph in 
tes (1-1 g.), m. — — Sokdieand tease sean teach akan 
peltedDy seqeizes C, 65-7; H, &1 ). This ketone was readily soluble in acetone and 





almost insoluble in 


(b) Aluminium chloride (16 g.) was added 
> Wie ise c) vad hpdeeahtente acta ¢ 
poured on ice (100 g.) acid 
steam the residual solid was triturated with aqueous sodiu: 
SE ee Ee ee ee eee crystallised i 
giving 2: a6 -3’ : 4’-dimethoxybenzophenone in pale yellow rhombic plates (13-14 g.), m —* 
and mixed m. p. 177°. 


Methylation — (100 mah} during fi with nyo = (2-7 Ferd — ——— carbonate (15 g.) in 
$ hours gave 





; ‘ Calc. for C 
Appa o al. J. 1987, 738, and Ray #f ai, loc. cit). The 2 “4 
1 acetate in deep-red prisms, m. p. 231° (Found: N, 120. C,,H,,O,N, requires N, 11-09%). 
5-Methoxy-2-veratr ** Acid (V; Suid wee a *538 —X 


methoxyben ( ), ethyl bromoacetate (16 ml.), ——— carbonate (70 
(300 ml.) was iad eater exes tor 6 lneeee On isolation 
—— R = Ei) ‘crystalised from dilute akohol in colourleas needles 
ving a negative ferric reaction (Found : C, 63-8; 9. 
compound was readily soluble in alcohol, methanol, | 
light petroleum. 
A solution of this ester (32 g.) and potassi 
(100 ml.) was heated under reflux for § hour, the 
the residue was diluted with water ( mil.), and 
— Crystallised from ethyl ph rede b 
of colourless needles (27 g.), m. p. 149°, — — acetic acid, —— 2—— 
* 62-3; H, oe. Cy gH, sO; requires C, 62-4 58%). 
3-3: 4 henyl) 6 methonycoumarone (V1 R = H).—A mixture of 5- -2-vera' 1- 
— Oy — oe come tae Tad acetic ydride (60 ml.) was heated at 1 50-—160° 
fr hour and pred nto w water (00 ml) Next day the solid was collected, well washed with 
aqueous sodium hydrogen carbona’ from dilute acetic acid (charcoal), yielding 
33: 4-dimethoryp oi 4-acheayeunarens tn in cobouriws plates (2 4.) Be. — 2 bright 
red colour with concentrated uric acid (Found; C, 71-4; H, 56. eu O. Teq Cc, 71-8; 
H, 56%). This compound is ly soluble in the usual organic solvents except light petroleum. 


3-(3 : 4-Dimethoryphenyl)-2-formyl-6-methoxycoumarone (V1; K = CHO).—A solution of 3-(3 : 4-di 
methoxypheny!)-6-methoxycoumarone (5 g.) and hydrogen cyanide 7 nS ee oe ee 
zinc chloride (2 g.) was saturated with hydrogen chloride at 0° the product, 
separated in orange-yellow need! ari shed with ether and h set dae pot fe ud 
steam-bath for 25 minutes. On isolation from the cooled h — eres Somape 
gage A a m. p. 158°, from alcohol (Found: C, 69-3; H, 6-1. C,,H,,O, requires C, 

5-1%) On being diluted with water the br Cred glutton of this compote {a warm com entrated 
——— became green then bright blue ydrazone separated from 

in crimson needles, m. p. 260° after sintering at 255° (Found: N,11-3. C,,H.O,N, 

sequen it 11-4%). 


3-(3 : 4- Dimethorypheny!l)-6-methoxycoumarone-2-carboxylic Acid (V1; R « CO,H).-—(a) A solution 
of ethyl 5-methoxy-2- nas eaten oder Fe (141 g.) and sodium ethoxide (from 1. aa! Bony reg 
absolute alcohol (90 m!.) was heated under reflux for 1 ee enmnney ebm ay 
day the resulting ethyl 3-(3: |yl)-6-methoxycoumar one-2-carboxylate NE 
was isolated and pu: from dilute alc . forming elongated, pale yellow needles My g), mp. 1 

70 
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1 ae —— —— C, 67-2; H, &7. O, requires C, 67-5; 
—* oat i — b 
—* * te hydrochloric acid the alkaline liquors 

Seat ae a 


alcohol (120 mi.) during § hour. pound, 
ethyl acetate, or acetone and almost insoluble in benzene, gave a red colour with cold 
to deep violet in warm acid. 
From the acetic acid liquors left from the purification of the crude 3-(3 | 4-dimethoxypheny!)-6- 
eth one-2-carboxylic acid mixture, 3-(3 a en oe ee (1-8 ¢.) 
aod §-methouy-3-veratroy myacetic acid (1-3 g.) were isolated and separated fractional 
crystallisation from dilute acetic acid. 


(4) A solution of ee eee g-) in water (20 ml.) at 50° was gradually added during 
** to 3-(3 4-dimethoxypheny!)-2- form 1-6-methoxycoumarone (0-4 g.), dissolved in acetone (20 ml.), 
and | hour later the mixture was cooled, c with sulphur dioxide, and diluted with water, giving a 
on eel of 3-(3 4- — * -6- -methoxycoumarone- 2-carboxylic acid which formed 
needles, m. p. and mixed m. p. 204° (decomp.), from acetic acid. 

— —— pentachioride (2-6 g.) in chloroform (130 mi.) for } hour at room 
temperature and then at 50° for 10 minutes, this acid (4 g.) was con : which 
— ee en ee een eee 

va of this product in ether 100 mi.) was slowly added to diazomethane (from 20-6 g 
of nitrosomethylurea and 250 ml. of ) at O°, the mixture was at room temperature for 48 hours, 
and the resulting oe aaee diazo-hetone was isolated and rec from benzene—light 15 
(b. p. 40- an nts prisms (2-4 g.), m. p. 159° (decomp.) (Found: N, 7-5. C,,H,,) 
requires N, A further 0-4 g. of less pure product was obtained by evaporation of 220 
liquor in a vaceum 

3.3) 4. Dimethorypheny!) -6 methoxycoumarone- wae at * (VIIL).—An intimate mixture of 3-(3 : 4- 
dimetbuxypheay!)-2 omy!-6methoxycoumarone (10 g uric acid (6 g.), sodium acetate (5 g.), 
and acetic anh dride (3) mil.) was heated on the Rival 4 lor 15 minutes, cooled, and treated with 
tical. and mi.). § Hour later the resulting aslactone was collected, well washed with cold 95% 

from benzene, forming small brilliant red needles (13-9 g.), m. p. 219° (Found 

N, 34 »H,,O,N requires N, 31%). This compound (10 pg) we was hydrolysed with boiling 10% 

ueous extien! hydroxide (180 mi.) for 5 hours and the orange-brown hy ysate cooled, diluted with 
water (120 ml), and saturated with sulphur dioxide at room temperature. Next day the precipitate of 
benzos acid was removed and the aqueous liquor mixed with concentrated ver Heer Are acid (50 ml.) 
and heated on the steam-bath for 2 hours. ee cooling, the reaction mixture deposited 3-(3 . 4-ds- 
methory phenyl!) 6 meth np Signa ae (VI) which separated from dilute methanol as a 
hydrate in tiny yellow needies (5 peta a comp.), having a violet ferric reaction in alcohol 
(Pound: C, 62-3; H, 6&1. C * = 61-9; H, 52. Found, in a specimen dried in a 
high vacuum at 100°; C, 64 * Cyt, ,O, requires C, 64-9; H, 40%). The oxime of this 
pyruvic acid formed clusters of Fi oe 4 needles, m. p. 146°, from dilute methanol (Found: N, 3-5. 
Cugll,,O-N requires N, 36%). 


10% Hydrogen peroxide (15 mil.) was added dropwise to a stirred solution of 3-(3.. 4-dimethox 
pheny|)-6 meth 2-pyruvic acid (5 g.) in 5% aqueous sodium hydroxide (100 ) 
maintained at 0° and the mixture then kept at room temperature for 20 minutes, cooled to 0°, and 
acidified with dilute hydrochloric acid, giving a precipitate of 3-(3 . 4-dimethoryphenyi)- 6-methoxy- 
coumarone-l-acetve acid (VILL) which crystallised from dilute alcohol (charcoal) in almost colourless 
needies (3-5 g.), m. p. 178°, and had a deep-red sulphuric acid reaction. Sublimation of this material 
at 170°/0-2 mm. gave the colourless acid, m. p. 178° (Found: C, 66-3; H, 5-3. C,,H,,O, requires 
C, 66-7; H, 53%). It is readily soluble in alcohol, acetone, ethy! acetate, benzene, or chloroform and 
insoluble in light petroleum reatment of the compound (3-3 g.) with —— pentachloride 
(2-1 g.) in chloroform (150 ml.) at room temperature with subsequent removal of the solvent and 














y! chloride in a vacuum gave the acid chloride which reacted with ammonia to give the amide, 
forulag colourless prismatic needles, m. p. 190°, from dilute alcohol (Found: N, 42. C,,H,,O,N 
requires N, 41%) 

4&-Hydrovy-6 : @ : 7'-trimethonynaphtho(2’ : 1'-2 : Sjcowmarone (1X).—Phosphoric oxide (5 g.) was 
added portion-wise to a solution of 3-(3 : 4-dimethoxypheny!)-6-methoxycoumarone-2-acetic acid 
(1 g.) in hot benzene (30 mi.) during 3 minutes and the mixture then heated under reflux for 3 hours, 
cooled, treated with ice (150 g.), and extracted with ether (150 ml. x 3). After having been washed 
with aqueous sodiam hydrogen carbonate and then water, the combined extracts were dried and 
evaporated, leaving 4'-Aydrory-6 : 6’ : T’-trimethorynaphtho(?’ : 1'-2: 3)coumarone as a pale brown 
crystalline solid Recrystallised from ethy! acetate, this compound was obtained in almost colourless 
prisms (0-25 g.), m. p. 195-196", soluble in warm benzene or ethyl! acetate, sparingly soluble in hot 
aleoho!, and oe ing a ¢ _ and a green colour respectively with cold and warm concentrated sulphuric 
acid (Found . C, 70-2 etl ,,O, requires C, 70-4; H. 49%). In alkaline solution the naphthol 
readily reacted with — a with e-naphthalene-diazonium chloride to give red azo-dyes. The 
p-sttrobenzoate crystallised from acetic acid in clusters of yellow, elongated rectangular plates, m. p. 193° 
(Pound: N, 31. CyghlsO,N requires N, —* 


2-H ydrowy-4 | 4 -dimethory> pa : 4-Dihydroxy-4’-methoxybenzophenone was panes 
by the condensation of resorcinol 6 «.) and — chloride (26 g.) with alummium chloride (27 g.) in 














H, 64. C,H, O ires C, ° —— — eee 
acetate in * > odie m. : N, 132. C,,H,,O.N, requires N, 12-86%). 
2-Anssoy!- S-aniehempantie Acid.—The interaction of 3-hydroxy-4 : 4"-dimethoxybenzo- 


potassium 
which 
needles (12: 2g.). m. er ee 


requires C, 66- 
On hydrolysis with a boiling solution of potassiam h 


(60 mi.) du 3) minutes, followed removal of of the methanol in 4 vacuum and 

acidification of the cooled residue with * 3 ise. ) gave rise to 2-antsoyl-5 

sntheantheenventiie acid which formed colou from dilute alcohol or 

benzene—light petroleum (b. p. 60—80°) (Found : — requires C, 64-6, HS 1%) 
6- Methosy-3- as A 

(10 g.), sodium acetate @ 

into water (500 mi.). 

hydrogen carbonate, and . » 

avg erg Eye we rx oo”, — sulphuric acid reaction 
(Found: C, 75-4; H, 5&7. CygH,O, requires 


2-Formy!-6-methory rt yg eS tee — * the interaction of 6-methoxy-3- 
p-methoxyphenyleoumarone (5 g.), cyanide (7-5 ml. —* and zinc chloride (2 g.) in ether he mi.) 


saturated at 0° with hydrogen yy crystalline aldimine derivative was hydrolysed with water 
(200 mil.) on the steam-bath for § how To ie a ROR OR which 
separated from alcohol in colourless 6 es = 167° (Found: C 50. C€ 
requires C, 72-3; H, 50%). The brown-red solution 


— — —— feng warts a dud 





needies, m. p. 
230°, from nitrob J ound: N, 120. C,,H,,O,N, requires N, 12-1%). 


6 Mcthory-3- p-methory phen ylcoumarone- Acid.—(a) Cyclisation of ethyl 2-anisoyl-5- 
methoxyphenoxyacetate (5 g.) with sodium t- 7% from 0-4 g. of sodium) in Keobal (50 mi.) 
os | hour followed by | 6-methory-3-: 
— —— i —— 
Le ty ving a reddish-orange sulphuric acid reaction (Found — wt eee tnd H,68. C 
0; 7 On hydrolysis with boiling 6% q 
for § hour this exter (0-8 g.) gave rhea y Ot p-methoaypheny leoumarone- — 


A * 74 


fractional — — from — and ccbpl coe acetate. 


(>) A mixture of 2-formy!-6- 
peroxide (5 mi.), 5% aqueous sodium 
75 minutes with the addition of more 30% bh peroxide 
of the acetone, the cooled reaction mixture was diluted —_ water (so mi.), 
tarry material, and acidified with dilute hydrochloric acid, giving a 
methoxyphenylcoumarone-2-carboxylic acid, m. p. and mixed m. p. 223° 


6- M ethoxy-3-p-methos yphenylcoumarone-2-acetic Acid.— An intimate m: 
ylcoumarone (10 g.), hippuric acid (6-5 g.), sodi . 
pe Gap cena See FS ED eaten epee, ane aeanied wt 
jus later the aclactme was was collected and — a? i 
wires 


bp Dene} a possi bya 
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Ahh mp 166—170 ye a brown sulphuric acid reaction (Found - 
> tequires C, 60-2 — M soluble in 
‘ in methanol, acetic 


of a " : 
Propet ot —— pS See es SS Be Sey’. Sees Seana 
light petroleum (b. p. @0—80") (Found: N, 48. C,gH,,O,N requires N, 45%). 

Se eet 1-2 Sjcoumarone.—Cyclisation of 6-methoxy-3-p-methoxy- 

yileoumarone-2-acetic ac 4% g.) with phosphoric oxide (4 g.) in boiling benzene (20 mi.) during 

t treatment of the reaction mixture with ice (200 g.), gave the desired naphthol 

with chicoroform and crystallised from acetic acid, forming colouriess tiny needles 

(02 g.), m. p. 179-180" and fund: Ce Fea. He a8 Clio, requires C190, H. 48%). In 
wai wan ti wap vely (Po c ; H, #0. Cy hHty,0 —— 73-6; H, 48%) 

naphthol gave red azo-dyes with benzene- beasene- and « ' 

2-4) 3 -dimethoryb phenone.-A mixture of resorcinol (# * ), m-anisoyl chioride (13 ¢.), 

aluminiem © (16 }. and aitrobensene (120 ml.) was kept at room temperature for 48 hours, and 

After the removal of the 








and. on crystallisation from dilute alcohol, furmed / , elonga' rectangular pri 
p. 176°, having a red-brown ferric reaction (Found: C, 60-2; H, 60. CygH yO,~ requires C, 68-9 
, 49%). The condensation of m-anisic acid (5 g ) and resorcinol (4 g.) with zinc (5 g.) at 160° 
10 mmutes, accor to the method of Nencki, gave a poor yield of the same benzophenone (0-3 
and mixed m. p. 176°, after purification. The 2 : 4-dinitrophenylhydrazone separated from et yi 
etate in masses of orange prisms, m. p. 285-287° (Found: N, tot CHO. requires N, 13-2%) 


A solution of methyl todide (9 m).) was added dropwise in the course of | hour to a boiling solution 
of the ketone (30 ¢ ) in acetone (200 ml.) containing potassium carbonate (45 * and the mixture then 
heated under reflax for 1 hour. On isolation the —— —A — — 
crystallised — lb Gg alee (22 g). —J ee ore ferric reaction 

Found: C,6086; H,57. C,,H wm — 69-5, i. 4% This compound is readily soluble in 
acetone, ethyl acetate, benzene, or carbon tetrachloride and a1. A soluble in boiling light petroleum 
The 2: 4 — 1 — — azone formed clusters of brilliant red, tiny, elongated prims, m. p. 204°, from 
ethyl sostate (Fe 12-6. C,,H,,O,N, requires N, 12-86%). 


2-m.- — ae Sham chien Acid.—The interaction of 2-hydroxy-4 : 3’-dimethoxybenzo- 
phenone (20 g.) and ethyl bromoacetate (16 mi.) in boiling acetone (200 mil.) containing potassium 
carbonate (0 g.) du —* —5 oy rise to ethy! 2-m-anssovl-5-methoryphenoryacetate, forming colouriess 
uregular priems (24 , from dilute methanol, soluble in the usual organic solvents except 
light petroleum (Pound : wt * un 60 55* requires C, 66-3; H, 56-8%). On hydrolysis with 


10% aqueous-methanolic potassiom hydro mi.) during § hour this ester (4-5 g.) vielkded the 
—EE——— .— hag oe are og from ethyl acetate-light petroleum (b. p. 60-——80°) in long needles 
4e).m.p soluble in alcohol, acetone, or ethyl! 5 and sparingly solubie in warm 
water (Found * Pr 52. C,H 0, requires C, 64-6; H, 5-1% 


6. Methory-3-m-methoryphenylcoumarone.—Cyclisation of the nee phenoxyacetic acid (6 g.) 
with acetic anhydride (60 ml.) and sodium acetate (12 g.) at 150° for § hour gave rise to 6-methory-3-m- 
methoryphenylcoumarone which crystallised from methanol in long, colourless needles (4 g.), m. p. 55°, 
mae a yellow orange sulphuric acid reaction (Found: C, 75-8; H, 57. C,,.H,,O, requires C, 75-6 

55%) 


Prepared from this coumarone (5 g.), hydrogen cyanide (7 ml.) and zinc chloride (2 g.) in ether (70 ml. 
saturated with hydrogen chloride during 24 hours, crystalline aldimine complex was hydrolysed with 
water (250 ml.) on the steam-bath for § hour, giving 2-formyl-6-methory-3-m-methoryphenylcowmaronc 
which formed yellow irregular prisms (4-1 g.), m. p. 92°, from alcohol (Found : C, 72-0; H, 4-8. C,,H,,0, 
requires C, 72-3; H, 50%). The yellow solution of this compound in concentrated sulphuric acid 
became darker on warming and then on dilution with water changed to blue-green. The 2 : 4-dinitro- 
phenylhydracone separated from acetic acid in dull red needles, m. p. 226—227° after sintering at 220° 
(Found: N_ 120. C,,H,,O,N, requires N, 12-19%). 


6-M ethoxry-3-m-methoxyphenyicoumarone-2-acetic Acid.—(a) A mixture of the aforementioned 
aldehyde (3 g.), hippuric acid (2 g.), sodium acetate (1 g.), and acetic anhydride (20 m!.) was heated on 
the steam-bath for 4 hour, cooled, and diluted with 50%, alcohol (80 ml.). Crystallised from benzene 
the resulting azlactone formed small, bright orange, rectangular prisms (3-3 g.), m. p. 226° (Found 
N, 36. Cyght,,O,N uires N, 33%). On hydrolysis with boiling 10% aqueous sodium hydroxide 
(120 mi.) for hours this com nd (9 g.) gave 6-methory-3-m-methoryphenyicoumarone-2-pyrucic acid 
which was isolated by the sulphur dioxide method and crystallised from ethyl! acetate-light petroleum 
(>. p. 60.80"), forming yellow prisms ( is },m.p. 170—172 mn -), and giving a violet ferric reaction 
in alcohol (Found: C, 66-9 Has C,H, .O, requires C, 67-1; ry 7%). Oxidation of the pyruvic 
acid (0-1 g.), dissolved in 5%, —* hydroxide (5 ml.), with 1e% hydrogen peroxide (5 ml.) at room 
temperature in the course of 1 hour a 6-methory-3-m-methor “gegen y acid 
which separated — light petroleum (b -100°) in colourless nm . 141—142° (Found 
c, 2; H,S&1 “yell ,,.O, requires C, cok: i. 51%). On being warmed ‘the eep- yellow solution of 
the acid in conc — sulphuric acid became deep green 


(6) A mixture of ethyl 2-s-anisoy!-5-methoxyphenoxyacetate (18 g.), alcohol (100 ml.), and sodium 
ethoxide (from 1-4 g. of sodium) was heated under reflux for 45 minutes and diluted with water (400 m) 
Next day 6-methory-3-m-methoryphenylcoumarone-2-carborviie acid was precipitated from the solution 
with dilute hydrochloric acid and crystallised from benzene, forming small, colourless prisms (7-5 g.) 
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was 
from the reaction mixture with ether and 

(b. p. 60-80") and benzene, forming colourless needles (1-8 g.), m 

ethy! acetate, or chloroform (Found: N,42. C,,H, ¢O4N requires N 

ysed with boiling 10% aqueous-alcoholic hydroxide a 

csslel eclution was Geto SO water [989 a0) extracted with ether non-acidic 
impurities, and acidified with hydrochloric acid —3 CRS ———— 
acetic acid (1-3 g.), m. p. and mixed m. p. 141—1é after recrystallisation 
+ Payor ee’ — py, we th 1-2: pee as being heated with 





(Pound: c “3%, —* +8. Cyl Oy F requires C, 73-5; H, 
alkaline solution the the naphthol reacted with b and « chilonde 


red azo-dyes. With su|phuric acid it gave a deep-red and then a green colour. 
2’-Carbory- ye pe at ene a eee —Methy! iodide (7-5 ml.) was added du 
a solution of 2’-carbethoxy- ~d (Desai Figueredo, Proc. 
, 1941, 14, A, 605; Tambor, Ber., 1910 i, 1882) ) in ee (200 ml.) containing 
then heated wen bee yh l hour. On isolation, 2’ 











— — pay (XI; R = R’ « H).—A mixture of 2’-carbethoxy- 
2-hydroxy-4-methoxybenzophenone (22 g.), ethyl bromoacetate (16 ml.), > carbonate (70 #). 


and acetone (200 mi.) was heated under reflux for 5 hours. On 
obtained as a yellow syrup which was hydrolysed with boiling 10% eth — — 
hydroxide (200 ml.) for ¢ hour. — part of the methanol and the dilution 
of the residual hydrolysate with water, 2-o-carborybenzoyl- — — — acid was ipitated 
with hydrochloric acid and crystallised from alcohol-light oo ey (b. 80"), — J rless 
flat prisms (23 g.), m. p. 177—178° (Found: C, 620; H. 44. C,,H,,O, —— 61-8; H, 42%), 
solu fo bn Chas wad euabenle eubunntte except light petroleum. 
3-0-Carboryphenyl-6-methoxycoumarone (XII; R = OH, R’ « H).--On being heated with sodi 
acetate (30 g.) and acetic anhydride (100 ml.) at 160° for 4 hour 2-0-carboxybenzoyl-5-metho ° 
acetic acid (10 g.) gave rise to 3-0-carboxyphenyl-6-methoxycoumarone which was extracted 
crude reaction ct with hot light petroleum (>. p. 0100") and chen cryotalised from the same 


solvent, formi Sr a hee ca: m. p. 135°, having a deep blue-green sulphuric 
wad nenslien eean Cc, 716 45. C,.H,,O, requires C, 71-7; H, a * 


3-0-Carborymethyipheny!-6-methoxycoumarone (XIII; R = H).— ie | acid (6 5 
added in portions to a mixture of benzene (50 mi.), thionyl chloride (2 mi and pyridine 35 
at room temperature during 15 minutes. Hour later the reaction mixture A” 

15 minutes and then evaporated in a vacuum with the — teas taoen a aD ela be tomens 
traces of residual thionyl chloride. A solution of the residual acid chloride 

added drop-wise during 30 minutes to well-stirred ethereal 

methylurea and 200 ml. of ether) kept at 0° and, after having been kept 

the reaction mixture was evaporated in a vacuum, leaving the diazo-hetone (X11; 

as a yellow crystalline mass. Kecrystallised from benzene—light petroleum {b. p. ), this 
compound formed pale yellow needles, m. p. 85-—87° (Found: N, 08. C,,H,,O,N, requires N, 9-6%). 


A solution of this diazo-ketone in dioxan 8 ml.) was added drop-wise during 35 minutes to a well- 








49. CH,,O,N 
a 


° , — 
ml.) for 16 hours, followed by dilution of the hydrol with water (100 ml.) and acidification with 
dilute hydrochloric acid, gave —— — —** —— from dilute 
methanol in colourless ae (2 g.), m having a deep red eaction (Found : 
C, 72:3; H, 51. C,,H,,O, requires C, 72-4; H, 50%). This acid was a ble | in “alcohol, ethyl acetate, 
or benzene and ‘sparingly soluble in light petroleum. 








Furano-compounds, Part XI, 


? : 1-2: Djcowmarone (XIV).—A solution of the 
uric acid (20 mil.) was kept at room 
benzene of dilute alcohol. 


naph' 
dyes. p-witrobensoate crystallised from ethyl acetate in yellow 
plates, m. p. 101° (Found: N, 34. C,,H,,O, requires N, 3-4%). 

2’ -Carbethosy-2-hydrosy-4 . 4 S'-trimethoxybensophenone (X. R = OMe).—-Pr ed by the inter- 
action of resorcinol (5g), m-he anhydride (Perkin of a/., /., 1925, 187,195; Perkin, /., 1916, 108, 
889) (5 ¢.). and aluminiom chlor (10 ¢.} in nitrobenzene (100 ml.) at room temperature for 48 hours, 
then at 6¢° for 1) hours, and finally at 100° for 10 minutes, 2’-carbory-2 : 4-dihydroxy-4’ : 5’-dimethory- 
bensopacnone separated trom ethy! acetate-light petroleum (b. p. 60-80°) in pale yellow prisms (10 g.). 
m. p. 255° (decomp), having a red-brown ferric reaction in alcohol (Pound: C, 60-4; H, 45. C,.H,,O, 
requires C, 6-4, H, 44%). Esterification of this acid (9-5 g.) with boiling alcohol (50 ml.) containing 
concentrated sulphuric acid during 4 hours yielded the efAy/ ester which formed yellow needles (7-5 g.), 
m. p. 17)", from dilute alcohol, having a red-brown ferric reaction (Found: C, 625; H,53. C,,H,,0, 
requires C, 62-4; H, 52%). The ester is readily soluble in the usual organic solvents except light 
— 


Methyl iodide (3 mi. in 20 mi. of acetone) was added gradually during 45 minates to a solution of this 
ester (#5 ¢.) in boiling acetone (100 m!.), containing potassium carbonate (15 ¢.), and the mixture then 
heated for | hour. On isolation the resulting 2°-carbethory-2-aydrosy-4 | 4 : G'-trimethorybenzophenone 
(X; BR = OMe) crystallised from dilute alcohol in yellow irregular prisms (8 } m. p. 119°, having 
a red-brown ferric reaction (Pound ; C, 63-6; H,58. C.,H,,O, requires C, 63-4; H, 56%). Hydrolysis 
of this ester (0-3 g.) with boiling 5% aqueous-methanolic potassium hydroxide (10 mi.) for 15 minutes 
gave tise to 2 -carboxy-2-hydroxy-4. 4: 5’-trimethexybenzophenone which separated from ethyl 
acetate-light petroleum (b. p. 60-80") in masses of pale yellow prisms (0-2 g.), m. p. 212° (Found: C, 
61-4, H,4@7. Cale. for C,,H,,O,: C, 61-6; H, 48%) (compare Ray ef al., loc. cit., who give m. p. 203°). 


Pravilimtc Acid (XI; R= H, R’ « OMe).—A mixtare of 2’-carbethoxy-2-hydroxy-4 : 4’ : 5’-tri- 
methoxybenzophenone (8 ¢.), ethyl bromoacetate (5 m/.), potassium carbonate (24 g.), and acetone 
(100 mi.) was heated under reflux for 5 hours. On isolation the resulting ethy! brazilinate was obtained 
as a yellow syrup which was hydrolysed with boiling 10% aqueous-methanolic potassium hydroxide 
(100 mil.) dura } hour After the removal ef the methanol in a vacuum the residue was mixed with 
tee-water (200 mi.) and acidified with dilute hydrochloric acid, giving a me of brazilinic acid 
(8 2 @.) which was collected 48 hours later. Crystallised from dilute acetic acid, the compound formed 
colourless prisms, m. p. 208-200" (Found: C, 58-3; H, 46. Calc. for C,,H,,O,: C, 565; H, 46% 
(ef. Perkin and Robinson, /., 1908, 98, 516; Ray et al., loc. cit.). 


3-(2-Carborymethyl-4 : 5-dimethoxyphenyl)-6-methoxycoumarone (XIII; R = OMe).—A mixture of 
brasilinic acid (9 g.), potassium acetate (27 g.), and acetic anhydride (99 mil.) was kept at 150° 
for 45 minutes, cooled, and treated with water (500 ml.). Next day the precipitated 3-(2-carbory-4 4 5- 
dimethoxyphenyl) 4-methoxrycoumarone (X11; K «= OH, R’ « OMe) was collected and crystallised from 
acetic acid, forming pale yellow prismatic needles (4-0 g.), m 210°, easily soluble in chloroform, warm 
alcohol, or ethyl! acetate (Foun C, 65-7; H. 49. C,,H,.O, requires C, 65-9; H, 49%). This acid 
(5 g.) was converted into the acid chloride by treatment with thiony! chloride (2-5 ml.) and pyridine 
(3 drops) in benzene (150 ml.) at room temperature for 35 minutes and then on the steam-bath for 
15 minates. After the eva tion of the reaction mixture in a vacuum the residue was dissolved in 
benzene (30 mi.) and the solution evaporated. Repetition of this process finally gave the acid chloride 
asa red viscous liquid. A solution of this compound in benzene (50 ml.) was added drop-wise to ethereal 
diazomethane (from 20 g. of nitrosomethylurea and 200 mil. of ether) at 0° and, after having been kept at 
room temperature for 24 hours, the reaction mixture was evaporated, leaving the diaro-hetone (XII; 
K ~~ CHN,, R’ « OMe) as an orange-yellow crystalline solid which formed large orange-yellow prisms, 
m. p. 86-88", from benzene-light petroleum (b. p. 40-60") (Found: N, 7-9. C,,H,,O,N, requires 
N. 80%). A solution of this compound in dioxan (50 ml.) was added drop-wise to a well-stirred mixture 
of 10%, silver nitrate (60 mi.) and concentrated aqueous ammonia (25 mi.) kept at 65-~70° 
during 15 minutes and the mixture then kept at this temperature for 2} hours. From the 
cooled, filtered reaction mixture 3-(2-carbamylmethyl4 - 5-dimethoryphenyl)-6-methorycoumarone was 
isolated with chieroform (160 ml. « 3) and crystallised from dilute methanol, forming colourless 
risms (2-2 ¢), mp. 143° (Found: N44. C,,H,,O,N requires N, 41%). On hydrolysis with boiling 
5% alcoholic potassiam hydroxide (50 m!) for 14 hours, this amide gave rise to 3-(2-carborymethyl-4 : 5- 
dimethorypheny!) 6 methoryoowumarone which rated from benzene-light petroleum (b. p. 60—80°) 
and then dilute methanol in colourtess needles (1-7 g.), m. p. 148-5-—149-5°, having a deep red sulphuric 
acid reaction (Pound: C, 666; H,50. C,,H,,O, requires C, 66-9; H, 5-3%). 


9 -Hydrory-6: 6: T'-trimethorynaphtho(?’  1'-2 : 3\coumarone (a- Anhydro-O-trimeth ylbrazilone) (ITV).— 
Cyclised by means of concentrated sulphuric acid (25 ml.) at room temperature during } hour, the 
foregoing acetic acid (1-2 g.) furnished a-anhydro-O-trimethylbrazilone which was precipitated from the 
reaction mixture with ice (75 g.) and crystallised from acetic acid, forming large brown 
Recrystallised from alcohol, this spectmen then formed yellow plates (0-6 g.), m. p. 198°, identica! with 
the compound from natural sources (Found : C, 70-2; H.50. Cale. for C,,H,,O,: C, 70-4; H, 40%) 
On being warmed with a little alcoholic potassium hydroxide containing a of chloroform, 
synthetic naphthol gave an intense blue colour which slowly changed to green then yellow-brown 
On being warmed the orange-red solution of the naphthol in concentrated sulphuric acid became deep 
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red. With benzene- and e-maphthalene-diazonium chiorde an alkaline solution of the gave 
red azo-~<dyes. Se agitate ee Se re 2 On S ee 
174-175° (Found: C, 690; H, 50. Cale. for C,,H,,0,: C, 68-8; H, 49%) 

on ete ay agp 235° (decomp.) after sin at and with concentrated alpha neb 
Apacs car whith beame ybow browne the abarton of water (Found 8 , 3-3. Cale. or CON: 


The obenzoate of dro-O-trimethylbrazilone formed rae. elongated prisms, 
m. p. 234", ee ae teal teen N, 2-9. CoH LON rogues N. 0%) 


See Research for a Maintenance Grant to 
one of us (P. C. J.}. 


University oF Liverroot. | Received, Jume ud, 1960.) 





489. Acenaphthene Series. Part IV. Two Isomeric 
Ethylacenaphthenes and their Derivatives. 
By H. E. Nixsren and A. T. Perens. 


The ethylacenaphthene, Pe poe from acenaphthene by means of ethyl bromide and 

aluminium chloride, using c on disulphide as solvent, is shown to be 2-ethylacenaphthene ° 
I~ Part III of this series (J., 1950, 729), it was shown that the butylation of acenaphthene by 
means of fert.-butyl chloride and aluminium chloride in carbon disulphide yielded a mixture of 
2-tert.-butylacenaphthene * and 2 : 5-di-tert.-butylacenaphthene. No such direct substitution in 
the 2-position of the acenaphthene molecule had been previously observed but it was thought 
that such meta-alkylation would occur also when alky! halides other than fert.-butyl chloride 
were used. 





Product obtained 


through oo by direct 1-Substituted derivatives 


m. p. Pp ™. p. Reference. 
Ethylacenaphthene 41-5—42-5" 348—B5-1°' FPieser * 2* * 


pwrate 91—02 * 101-5102: 5°* 1046-71061 
quinone 117-119 150 —152 128 


Ethylthionaphthenace- 216-—217* 204 26" 
hthenylindigo 
Lthy thalic an- - 192-193 ¢ 

hydri 

Ethylnaphthalimide - 217—2185 

Ethytnaphthal-N-methyl- 1 113-114 
imide 

Carboxynaphthalic an- 289-290 * 
hydride 


Carbomethoxynaphthalic 2 226——227 
anhydnde 


First prepared by Cook, Haslewood, and Robinson, /., 1935, 667. * Mixed m. p. below 78°. 
* Mixed m. p. below 180°. * Mixed m. p. 141-144". * Mixed m. p. 257-259". * Fieser and 
Peters, loc. cit. 


Mayer and Kaufmann (Ber., 1920, 58, 289) first prepared an ethylacenaphthene, an oil, b. p. 
310° (picrate m. p. 95—96"), by treating acenaphthene with ethyl bromide and aluminium 
chloride in carbon disulphide. They oxidised it to an impure quinone and an ethylnaphthalic 


© Richter’s numbering of the acenaphthene system is used in this paper as in preceding Parts of the 
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anhydride, m. p. 180°, and thence to a carboxynaphthalic anhydride, m. p. 248°, which 
they identified with the 4-carboxynaphthalic anhydride, m. p. 243°, obtained by Graebe 
(Annalen, 1903, 327, 77) by oxidation of 3-acetylacenaphthene. However, Fieser and Peters 
(J. Amer. Chem. Soc., 1932, 54, 4347) (cf. Dziewotiski, Kahl, Koczorowska, and Wulfisohn, 
Bull. Acad. Polonaise, 1933, A, 194) showed that pure 4-carboxynaphthalic anhydride melted at 
274°, and therefore Mayer and Kaufmann’s orientation cannot be accepted as proved. 

Fleischer and Wolff (Ber., 1920, 53, 925) reduced 3-acetylacenaphthene to 3-ethylace- 
naphthene, m. p. 42°6--43". This compound they thought to be identical with that prepared by 
Mayer and Kaufmann. We therefore repeated Mayer and Kaufmann’s and Fleischer and 
Wolff's preparations. The ethylacenaphthenes and numerous new derivatives are compared 
im the table (p. 2369), which also includes data for I-ethylacenaphthene and its derivatives 
taken from the literature. Clearly Mayer and Kaufmann’s ethylacenaphthene cannot be the 
1. or the 3-isomer. As on oxidation it yielded an ethyinaphthalic anhydride, it was not the 
7-isomer. By elimination, therefore, the direct ethylation of acenaphthene had produced 
mainly 2-ethylacenaphthene 

In preliminary experiments to show the effect of aluminium chloride on 3-ethylacenaphthene, 
considerable dealkylation to acenaphthene took place and there was some evidence of the 
formation of 2-ethylacenaphthene 

Research on alkylacenaphthenes is being continued. 


EXPERIMENTAL. 
(M. p.s are corrected. Microanalyses were carried out by Drs. Weiler and Strauss, Oxford.) 


3-Acetylacenaphthens._This was prepared by Fieser and Hershberg’s method (/. Amer. Chem. Soc 
1939, 61, 1272), which was much more satisfactory than that of Graebe (loc. cit.), the yield of crude 
3-acetylacenaphthene, m. p. 52-56" (Found: C, 85-7; H,60. Calc. for C,,H,,O: C, 85-7; H, 61%), 
being 68% The 2: 4-dinur: ye eT m p. 46", crystallised from yridine in red needies and 
plates with a metallic lustre (Found: N,149. C,,H,,O,N, requires N, 156-4 

4-Acetyinaphthalic Anhydride —Crude 3-acetylacenaphthene (10 g.) was dissolved in bo acetic 
acid (300 ¢ c.), sodium dichromate (40 g.) was added gradually, and the solution was refluxed for 5 hours 
The anhydride (8-8 g., 72%) recrystallised from acetic acid (charcoal) in colourless needies, m 196 
197" (Found: C, 608; H, 34. Cale. for C,,H,O,: C, 700; H, 33%). Dziewotiski and Piasecki 
Bull. Acad. Polonaise, 1932, A, 287) recorded 19i—192°. The imide ated from absolute 
alcohol in almost colourless needles, m. p. 273° (Found: N, 62. Calc. for C,,H,O.N: N, 59% 
Delewotiski and Piasecki recorded m. p. 270 272°. 


Onsdation of 4-Acetvinaphthalic Anhydride.—(a) With potasstum permanganate. 4-Acetylnaphthalic 
anhydride (0-5 g.), dissolved in hot 1% aqueous sodium hydroxide (50 c.c.), was oxidised by the addition 
of a boiling solution of potassium permanganate (1 g.) in water (25 c.c.). The mixture was boiled for a 
short time and any excess of permanganate was destroyed by the addition of a little alcohol. After 
filtration and acidification, the filtrate was evaporated to small bulk and extracted with ether. On 
concentration of the extract and cooling, —* yellow needles (0-15 g.) separated. These sintered at 
206° and melted at 210° with darkening and su uent loss of gas. =e a = probably 4 : 5-dicarbory 
l-naphthoylformic acid (Found: C, 5815; H, x) C,,H,O, requires H, 28%). If isolated 
by concentration and cooling of the acidified solution, the acid, on « nh from acetic anhydride 
acetic acid, was obtained as a yellow powder, m. p. 202-204 oa . This 8 probably the 
anhydride of 4: 5-dicarboxy-l-naphthoylformic acid (Pound. C, 61-9; H, C. MO., requires 
C, 62-2; H, 22 


The oxidation was repeated using more potassium permanganate (1-6 g.) and refluxing the mixture 
for |S hours. Crystallisation of the resulting product (0-1 g.) from acetic anhydride—acetic acid yielded 
fine, colourless needles, m. p. 274-275", of 4-carboxynaphthalic anhydride (Found: C, 64-7; H, 2-4 
Cale. for CyH,O,: C, 64-5; H, 2-5% 

b) With mitric acid. 4-Acetylnaphthalic anhydride (0-9 ¢.) was heated with concentrated nitric acid 
4 .c.) and water (2 c.c.) for 6 hours at 180-—200° and then for 2 hours at 230—.240 Evaporation of 
the resulting solution yielded a white powder (0-5 g.}, which on crystallisation from a small volume of 
dilute hydrochioric acid gave a solid, m. p. 233° (with loss of water), which was dried in vacuo over 
phosphoric oxide and sodium hydroxide (Pound C, 4690; H, 24. Calc. for C,.H,O,: C, 47-25; H, 
24%). An aqueous solution of the acid did not give a precipitate with aqueous barium chloride. The 
tetramethy! ester, m. p. 128—129", was pared by using diazomethane. The acid was therefore 
benzene-l . 2. 3: 4-tetracarboxylix acid (¢) mford and Simonsen, /., 1910, 97, 1904; Fieser and 
Peters, loc. cit.) 


3. EthylacenapAthene (cf. Fleischer and Wolff, lec. cit 3-Acetylacenaphthene (31 g.) in toluene 
300 «.c.) was Jed to a mixture of amalgamated zinc (from 150 g. of zinc), concentrated hydrochloric 
acid (400 ¢.c.), and water (100 ¢.c.) The mixture was stirred at the boil for 3 hours, more hydrochloric 
acid (200 ¢.c.) being then added. After a further 3 hours, the toluene layer was washed with water and 
dried, and the toluene removed. The residue was distilled and the fraction, b. p. 200-—305°/763 mm., 
collected. The 3-ethyla po eee was an almost colourless oi], partly solidifying at room temperature 
The solid portion, after 3 recrystallisations from methy! alcohol, separated in colourless plates, m. p 
41-5—42-5°. Fleischer and Wolff recorded m. p. 42:5—43". The picrate crystallised from the minimum 
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of dry alcohol in red needles, m. p. 91—92" (Found: C, 562; H, #1; X. O68 Cyl, CJH,O.N, 
requires C, 58-4; H, 41; N, 10-2%). 

4-Ethylmaphthalc eas Taek tate (4 g.) im boiling acetic 
acid (150 c.c.) was added sodium dichromate (20 S crschaincks wes solaenhed anil Giana wie OL 
2 hours. It was poured into ice-water and later tate was collected and extracted with 5% 

sodium carbonate (200 c.c.). She cutenst wee onl wo gered So 43 Love 
3 times from acetic acid to give colourless needles, m. p. 164—-164-5", 
(Found : C, 740; H,43. C,,H,,O, requires C, 74:3; H, 44%). 

The anhydride was oxidised to 4-carboxynaphthalic anhydride, m. p. 273-274", by means of 
potassium permanganate. 

The smuds was obtained in almost colourless plates and needles, m. age from alcohol (Found : 
C, 743; H,&1; N,@2. C,.H,,O,N requires C, 74-7; H, 4-9; —F 6 oe: The N-methylimsde separated 
from alcohol in colourless rosettes, m. p. 140° (Found: C, 75- 7; N.@1, CyH yO WN requires 
C, 753; H, &4; N, 5-9%) 

3 (or 4')-Ethyl-1 : T’-thionapath 





and filtered and the filtrate acidified. On boiling of the mixture, ee ae ve thic 

was filtered off. After repeated crystallisation from alcohol, ae ee SP 17—119", 

3-ethylacenaphthenequinone (Found: C, 78-65; H, 48. Cale. for C,,H,,0,: C, 800; H, 48%) were 
obtained. 


A hot solution of the quinone in acetic acid was mixed with a hot solution of 2-hydroxythionaphthen 
in the same solvent, a little hydrochlonc acid was added, ppd ae ———— pe Syme | a red 
— — ont 418 text dissolve on b It from acetic es 
globules of microcrystalline needjes, m. p. 216—217" as (or 4 ~tthyl-1 : 7'-the —* 
indigo (Found: S, 89. C,,H,,O,S requires S, 94%). The colour of a solution in sulphuric ‘acid was 
green 


2-Ethylacenaphthene (method: Mayer and Kaufmann, joc. cit.).—A 23% yield of a yellowish oil, 
b. p. 145—-150°/4 mm., was obtained. On cooling in liquid air, the oil set to a which quickly 
liquefied at room temperature r present, but none could be isolated. The 
icrate was obtained from the minimum of dry aa Ye ** * p. 101-56—102-5° (Pound ; 
, 562; H, &2; N, 10-2. Calc. for Cot «H,O,N, N, 102%). Mayer and 
Kaufmann recorded m. p. 9596". Admuxture of i UB. — m. p. 01-92", depressed 
the melting point to below 78 


3-Ethvinaphthalic Anhydride.—-To a solution of 2-ethylacenaphthene (10 g.) in boiling acetic acid 
(300 c.c.) was added sodium dichromate (40 g.) in small ions, and the whole was refluxed for 6 hours 
and poured into ice~water. The solid was collected extracted with 5% aqueous sodium carbonate, 
and the extract treated with charcoal, filtered, and acidified. The precipitate was — — from acetic 
acid containing a little acetic anhydride to yield a colourless, solid (4-5 g., 
recrystallised 3 times from acetic acid, affording colourless m. p. 192—-193° 
of 3-ethylnaphthalic anhydride (Found: C, 74-15; H, 4-4. Cale. for C,,H,,O,: C, 743; 
Mayer and Kaufmann recorded m. p. 180°. Admixture of é-ethyinaphthalic anhydride, m. 3 
164—164-5", depressed the m. p. to 141-144". Fractional crystallisation of the residues yielded no 
other homogeneous product. 


The imide was rant in colourless rhombohedra, R 217—-218-5", from alcohol (Found: C, 
746; H, 525; N,59. C,,H,,O,N requires C, 74-7; H, 4- 3 62%). The N-methylimide crystallised 
from alcohol in colourless, prismatic needles, m. p. 113- 114° (Found: C, 760; H, 61; N, 5-96 
C,H ysO,N requires C, 75-3; H, 54; N, 5-9%). 


2-Ethylacenaphtheneguinone._Sodium dichromate (18 g.) was added all at once to a solution of 
2-ethylacenaphthene (5-5 g.) in boiling acetic acid (250 c.c.), and after the violent reaction had subsided 
the whole was refluxed for 30 minutes. It was poured into ice-water, and the precipitate was repeatedly 
extracted with 5% aqueous sodium carbonate. The extracts were treated with c and acidified, 
yielding 3-ethylnmaphthalic anhydride (1 g.). The residual, tarry mass was extracted with sodium 
hydrogen sulphite solution, and the extract treated with charcoal, filtered, acidified, and boiled. The 
yellow precipitate was treated with 5% aqueous sodium carbonate to remove the last traces of anhydride 
which adhere very tenaciously, and the residue was crystallised 4 times from alcohol to give yellow needles, 
> p. 160152", of 2-cthylacenaphthenequinone (Found: C, 79-6; H, 62. C,,H,.O, requires C, 80-0; 

48%). 

2’(or 5’)-Ethyl-1 : 7'-thionaphth phthenylindigo.-This was ed pe cere in the same way as its 
3’ (or 4’)-isomer, isation 1 from acetic acid yielding a brownish powder, m. p. 204-—206° (Found 
S, 90. CHO, Rae ss Ss, 4%). The colour of a solution in wn og od acid was green, that of its 
isomer being y yellower. A tiintase of the two dyes matted tplow 160° 


Anhydride —(a) —— 3-Ethylnaphthalic 
sodium ¢.c.) and to the cold solutic jon was 











{1-7 g. cate eo After 3 days at room tem ture 
elegant Om Ay hin . KF , 


acetic anhydride in most colourless rosettes, — 
anhydride (Found : eel, H, 2-65. CULO, ecetes 64-5; H, 2-6%). 
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FS C,,H,O, requires C, 666; H, 31 Pieser and Peters 
a: CL mann S 90: HBF * and Fieser and Cason 
192" for 


(b) With witric acid. 3-Eth 
actd and water in a sealed tube. 
Pound: C, 447, 447; H, 2-5, 23%), — could be iestated. 
polymethy! aster as colourless plates, m. p- 138—141" (Found : * 49-2, 400 H, 3-9, 3-9%). 
solution of the acid ave on the addition of a solution of barium chloride clusters of 


benzenetetracarbo , 
It should be noted that 3-éert 5* 
naphthalic er ee benzene-1 ; 2: 
whereas 2. 5-di-tert.-buty! anhydride yielded tha 
difficulty (ef. Pest iit) 


Action [ee Chloride om 3-Ethylacenaphthene—-3-Ethylacenaphthene (5 g.) in carbon 
( ¢.c.) was reflaxed with anhydrous aluminium chloride (4 g.) for 4 hours 
hydrogen . After carefu 


t acl without any 


( ec. ) by sodium dichromate (8 ¢.) for 3 hours, the whole 

precipitate was Page mew with 5% aqueous sedium carbonate extract was acidified and filtered 
—— = rn ore precipitate formed in the filtrate, and was collected and crystallised 
— — acu, having mp. 267-5--269°, not depressed on admixture of authentic naphthalic 
anhydride. The first precipitate contained tarry, semi-solid material, which could be separately crystal- 

After 3 recrystallisations from acetic acid, it melted at 187°. This m. p. was sot depressed on 

admixture of authentic 3-ethy!na anhydride, m. p. 192-193", but was depressed to 132-137" 
om admixture of 4-ethyinapl: anhydride, m. p. 164-—1645°. From the remaining precipitated 
material no homogeneous product could be obtained 


In another experiment, only naphthalic anhydinde and Se anhydride (from unchanged 
3-ethylacenaphthene), but no 3-ethylnaphthalic anhydride, were i 


It can Genie be stated that 3-ethylacenaphthene was partly dealkylated to acenaphthene under 
the inf chloride, and some 2-ethylacenaphthene may be formed under the same 
coaditions * The investigation is beimy continued 
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490. The Reductive Acetylation of Aliphatic Nitro-compounds. 


By Chartes Smons. 


The reductive acetylation of ethy! nitromalonate and cthy! nitrocyanoacetate has been 
effected in low yield. This may throw some light on the enolisation of nitromalonic esters 


Tue reductive acetylation of aromatic nitro-compounds is known (¢g., Kohn and Krasso, 
]. Org. Chom., 1948, 18, 329) and also that of aliphatic oximino-compounds (B.P. 583,307). Ethyl 
nitromalonate and ethyl! nitrocyanoacetate have been successfully reduced in this laboratory in 
30°, yield by zinc, acetic acid, and acetic anhydride to ethyl acetamidomalonate and acet- 
amidocyanoacetate. The low yield may be due to the ease with which the malonic ester, for 
example, enolises on the carbon atom 

In the case of the oximino-esters, Cerchez and Collesiu (Compt. rend., 1932, 194, 1954) 
described the formation of the oxime acetate and its subsequent reduction. They postulated its 
existence in two forms III and IV) : 


ONCHICO.ED, == HO-NICKICO,ES), > AcO-NC(CO,Et), =m Ac’N-—C(CO,Et), 
(lL) (IL) (TIL.) (Iv.) 
rhe existence of (IV) or an analogue would seem to be essential for reduction to ethyl 
— — (VI) may be compared with o-nitrophenol, enolisation would afford the 
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aci-nitro-compound (V). It can also be substituted in sodium ethoxide solution (ci. Weisblat 
and Lyttle, J. Amer. Chem. Soc., 1949, 71, 3079) and this probably proceeds through (VII). 


o CO,Et CORt o O-C-ORt 
\ 4 f 
N=< 
* * * \ 
o CO,Et CO,Et CO Et 
(V.) (VI) (Vil) 
[Where (V)—(VI1) are some of the canonical forms of the resonating eno! jon.’ 


Thus nitromalonic ester might exist mainly in form (VII). This aspect was discussed by 
Arndt and Rose (j., 1935, 7). Meyer (Ber., 1914, 47, 2380) suggested that with compounds of 
the type R-CO-CH,’NO, enolisation is on the carbon and not on the nitrogen atom; this was 
supported by Kuhn and Albrecht (Ser., 1927, 60, 1207). Arndt and Rose, disputing this, based 
their conclusions on esterification of the nitronic acid with diazomethane and claimed nitronic 
esters of type (V); they disagreed with the conclusions of Steinkop! (Anmnalen, 1923, 434, 29), 
who claimed the preparation of nitronic esters from methy! iodide and the silver salt. It must 
be noted that the properties of these esters differed. 

Weisblat and Lyttle (loc. cit.) prepared ethyl a-nitro-a-carbethoxy-$-3-indolylpropionate 
from ethyl nitromalonate and gramine, but reduction with zinc and acetic acid only gave 
56°, of ethy) a-hydroxylamino-$-3-indolylpropionate 

One possible explanation of the fact that nitromalonic ester is reduced under the conditions 
described below only to about one-third of the extent that oximinomalonic ester is reduced may 
be that steps corresponding to (I1I)—(IV) are lacking, owing to enolisation on the carbon and 
not on the nitrogen atom 

EXPERIMENTAL. 

Ethyl Acetamidocyancacetate.—Ethy! nitrocyanoacetate (Conrad and Schulze, —* , 1999, 4. 740) 
(10 g.), acetic acid (40 mi.), acetic anhydride (40 mi.), eee ee 
stirred at 50° with addition of zinc dust. The rate of addition reased and the the teraperature 
allowed to rise to 80° and kept there until 25 g. of zinc had been added. The mixture was cooled, 
filtered, and washed with acetic acid. The filtrates were evaporated in a vacuum and the syrup was 
diluted with water. Crystals (3 g.) were deposited, having m. p, 131—134° alone or mixed with an 
authentic sample (Found: N, 16-7; Ac, 26-7. Calc. for C,H,,O,N,: N, 166; Ac, 26-3%). 

Ethyl Acetamidomalonate.—Ethy! nitromalonate (Wahl, Bull. Soc. chim., 1901, {iii}, 26, 926; Arndt 
and Rose, joc. cit.) was treated in an analogous fashion, affording a 30% yield of ethyt acetamidomajonate, 
m. p. and mixed m. p. 94° (Found: N, @4. Calc. for CjH,,O,N : N, 65%). The oil remaiaing after 
removal of the crystals was unchanged starting maternal 


The author thanks the Directors of the British Drug Houses Ltd. for permission to publish this work 
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491. Steroids and Related Compounds. Part X. The 
Preparation of Pregna-5 : \7-diene-38 : 21-diol. 
By D. Macratu, D. S. Morais, V. Petrow, and R. Rover. 


The preparation of pregna-5: 17-diene-38:2i-diol (VI; R =H) from dehydroepi- 
androsterone acetate (I) by two novel routes is reported. 

— of methyl 3f-acetoxy-17p-hydroxy-17-dsepregn-5-en-2l-oate (IV; K * Ac, 
R’ = Me) with anhydrous formic acid leads to an abnormal! product to which the structure of a 
methy! 3f-acetoxy-17-methylnorpregna-6 : 13(12)-dien- -Zl-oate (IX; R= Ac, RK’ = Me} is 
tentatively proposed. 


Tue conversion of dehydroepiandrosterone acetate (1) into pregna-5 : 17(20)-diene-3 : 21-diol 

(VI; R = H) has hitherto been achieved by reaction with acetylene and reduction to give 

172-vinylandrost-5-ene-38 : 178-diol es gregh sy Hele. Chim. Acta, 1937, 20, 1280) ; 
, 1938, T1, 1024), followed by conversion into 

(VI; = 

Scholz, Helv. Chim. Acta, 1939, 28, 120) or (6) phosphorus tribromide and then potassium acetate 

(Ruzicka and Miller, ibid., p. 416). Both routes prove satisfactory with small quantities of 
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materials, but the experimental conditions required for optimum yields are rather critical and 
thus limit the value of the methods for large-scale working. As substantial quantities of (VI) 
were required for studies of methods of building up the ketol side chain present in the gluco- 
corticoids (¢.g., Cortisone), model experiments were instituted on alternative approaches. 

Condensation of (1) with ethoxyethynyilmagnesium bromide to give 3$-acetoxy-17a-ethoxy- 
ethyny!l-17-isoandrost-5-en-176-ol (II) has been described by Arens and van Dorp (Dutch P 
43,015/1949) and independently by Heusser, Eichenberger, and Plattner (Hele. Chim. Acta, 
1960, 33, 370), their results being identical with those obtained in this laboratory. In 
with observations reported by Heilbron, Jones, Julian, and Weedon (/., 1049, 1823) in 
the vitarnin A field, we now find that (II) undergoes ready conversion into ethy! 3$-acetoxytso- 
pregna-5 : 17-dien-21-oate (111; R « Ac; R’ = Et) when heated with ethanolic sulphuric acid 
for two minutes on the water-bath Alkaline hydrolysis of this product furnished 34-hydroxy- 
pregna-5 : 17-dien-21-oic acid (111; RK « R’ « H), identical with the acid described by Plattner 
and Schreck (Helv. Chim. Acta, 1939, 22, 1178). Reduction of the acid, or of its ethy! ester, with 
lithium aluminium hydride (cf. Nystrom and Brown, /. Amer. Chem. Soc., 1947, 689, 1197) led 
to the formation of the required diol (VI; K = H). 

Ethyl 35-acetoxy-178-hydroxy-17-4sopregn-5-en-2l-oate (IV; K = Ac, R’ = Et) formed 
the starting point of a second novel approach to pregna-5 : 17-diene-36 : 21-diol (VI; RK = R’ = 
H). The latter could clearly be obtained from (IV) by reduction and dehydration, which could 
presumably be carried out in either order In practice, however, reduction followed by 
dehydration was preferable 

Preparation of compounds of type (IV) has been described by Reichstein, Miller, Meystre, 
and Sutter (/ele. Chim. Acta, 1939, 22, 741) who condensed (I) with ethyl bromoacetate under 
Reformatsky conditions, but failed to isolate (IV; RK = Ac, R’ = Et). Alkaline hydrolysis 
of the product furnished the crystalline acid (IV; R R’ «= H), converted into (IV; RK < Ac, 
Kt’ « Me), from which, by Bouveault-Blanc reduction, they obtained (V; R = H) in low overall 
yield. We now find, in contrast, that direct crystallisation of the crude Reformatsky product 
readily yields the hitherto undescribed ethy! ester (IV; R = Ac, R’ = Et), which is converted 
into 17-4sepregn-5-ene-36 ; 173: 21-triol (V; R = H) by lithium aluminium hydride in yields 
exceeding 80°, Diacetylation of the triol, followed by treatment with thiony! chloride in 
pyridine (cf. Darzens, Compt. rend., 1911, 152, 601), resulted in the desired exocyclic dehydration 
with formation of the required 35 : 2] -ciacetoxypregna-5 : 17-diene (VI; R = R’ = Ac\ 


HO CH-COLR 


A 


CHO-OEt 


WY CHyCO,R BO 


CH, CH OR CH-CHYOR 
H 
Vv) 


CH YCOMe Me CHyCO Me 


AO VIL) RO VIII.) RO (IX.) 


Dehydration of (1V) to (111), followed by reduction with lithium aluminium hydride, proved 
a less successful approach to (V1) owing to unexpected difficulties in achieving dehvdration of 
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the 17$-hydroxyl grouping present in (IV). Methods such as reaction with thiony! chionde or 
phosphorus 


R = Ac, R’ = Me) was obtained in one 
—— eee annaeen at £- 
= Me) with anbydrous formic acid 


-ester (A) isomeric with methyl gs eet 17-dien-2l-oate (VI; R = Ac, 
R’ = Me). Its formulation as the A™-dehydration product (VII) was rendered improbable by 
catalytic hydrogenation stud‘: when two molecules of hydrogen were absorbed to give a 
tetrahydro-derivative not identical with methyl 35-acetoxyallopregnan-2l-oate (Plattner and 
Schreck, Joc. cit.). This observation, together with the formation of the intense purple-blue 
coloration during its formation (see above), led to the conclusion that dehydration had been 
accompanied by structural changes of a more profound character. Accordingly we propose the 
constitution of a methy! 36-acetoxy-17-methylnorpregna-5 : 13(12)-dien-2l-oate (IX; R = Ac, 
R’ = Me) for compound (4) on the basis of the following evidence : (4) 172-hydroxyandrostane 
undergoes retropinacolinic rearrangement to ¢-androstene when heated with formic acid, the 
boiling solution likewise becoming deep violet (Miescher and Kagi, Helv. Chim. Acta, 1939, 22, 
761); (6) both ¢-androstene and compound (4) give intense blue-violet colours on treatment of 
their solutions in sulphuric acid—acetic acid with bromine-acetic acid (Miescher and KAgi, Joc 
ciut.; see also KAgi and Miescher, ibid., p. 683); and (c) the formulation of g-androstene as a 
retropinacolinic dehydration product is supported by chemical evidence (Miescher and KaAgi, 
loc. cit.). A A”"-structure is, of course, not possible in our case and, as compound (A) fails 
to give a blue nitrosochloride in the Thiele test (Ber., 1894, 27, 454) in contrast to ¢-androstene, 
we prefer to assign it structure (IX) rather than the isomeric structure (VIIT) 


EXPERIMENTAL. 


M. p.s are wncorr. Microanalyses are by Drs. Weiler and ye sen ba —— Optical rotations were 
measured in chloroform solution in a 2-dm. tube unless stated ot 


Ethyl 38-. —— 17-diem-2l-cate (III; R= Ac, R’ = Et).—3#-Acetoxy-]l7ecthoxy- 
ethynylandrost- 5- oy" (400 mg.; m. p. 140-141") dissolved in ethanol (6 mi.) was treated with 
ted on the steam-bath for 2 minutes. After the mixture 

potassium hydroxide, and 


tee H, 61%). gust 


38. einen: 5: 17-dien- — a ‘Acid (Il; R « R’ « H).--The joing ester (500 mg.) was 
heated under reflux with methanolic sodium hydroxide (10 mi. of 2n.) for 1$ hours, after which the 
solution was poured into water (50 ml.). The mixture was boiled for 10 minutes and then acidified with 
hydrochloric acid until acid to Congo-red. The prec * acid was collected, purified through the 
sodium salt, and finally crystallised from methanol. pea ae Coit -5 : 17-dien-21-oic acid sone 
small crystals (37%), m. p. 245° (Pound: C, 760; H, of O,: C, 763; H, ) 
Plattner and Schreck (Joc. cit.) give m. p. 249—-250° (corr.); Marker et al. ( tes Chom, Sax. 194s, 
1276) — m. p. 252—253°. 

~5 : 17-diene-38 : 21-diol (VI; R = H).—The ester (I11; R = Ac, R’ « Et) Ore we) ie ay 
4J (fo ml.) was added to a solution of lithium aluminium hydride in dry "ether a. ml! * %), and 
the mixture heated under reflux for 15 minutes. Water was then carefully added lowed by 
3n-sulphuric acid, 24 the solution was acid to Congo-red. The ethereal layer was coped until 
neutral and dried , and the ether removed. Crystallisation of the residue from methanol gave 
pregna-5 : 17-diene-3 ? -diol (98%). gy oe wee — (a)? —57-6" (c, 0-544 in 
ethanol) (Found: C, 80-1: H, 10-1. Cale. for Cy, H,,0, : H, 10 2%) Miescher and Scholz 
~ cul pon p. 198°; Ruzicka and Miller (Joc. + ty = he p- 190-180" (corr.), [a)p —50-5° 4-1-6" (in 


an 4 cetoxy-17B-hydroxy-17-isopregn-5-en-21-oate (IV; R = Ac, R’ = Et) .-Ethyl bromoacetate 
(10 g.) was added as quickly as reaction besten phys for = acet 
(20 g.), dry benzene (168 mi.), acti zinc (23-5 g.), and 

hea which it 


the addition of 2x-hydrochloric acid "0 al). 
(" * e Reformatsky product,” 


en-S-en-21-oate separated — 
2 13°, (a) —74-0° (c, 0-905) (Found : C, Tl; 89. C,,H,,O, requires C, 


7-isoPregn-5-ene-38 : 178 : 21-triel (V; R = H).—The 
was added slowly with shaking to a solution of lithium alominium 








yer. Purification from ethanol yielded 
plates, m. p. 235-239" (Found : C, 750; H, 

Similar results were obtained on using the “ crude 
im ot al. (loc. ot.) Give m. p. 243— 245" (eort). 


Acetylation of the triol gave the diacetate, m. p. 156—157°, (aff —5®-8” (c, 0-413 in acetone). 
Reichstein ef af. (Joc, eit.) give m. p. 159—160° (corr.), (a) —65-3° + 1-5 (in acetone). 


21. Rrepoonene. pe pete 17-diens (VI; R = Ac).—-The foregoing diacetate (20 g.) in dry pyridine 
(10 % ) was treated at 0° with thiony! chloride (0-44 ml.) added dropwise with shaking. The mixture 


After 2 hours the product was collected, —— Seen, aes 
21-diacetoxypregna-5 : 17-diene, colourless crystals, m. p. ‘ 
—— (loe a) On 136-5137. Ruzicka and M let toe eit.) give m. p. 135 
* gave 7-diene-38 : 21-diol, m. p. 194—196", [aff —58-2° (c, 0-860 in 
C, 71; 108. Cale. for C,,H,yO,: C, ; H, 10-2%), not depressed on 
admixture with the product prepared by the ethoxyacetyiene route. 


Preparation of Pregna-5 . 17-diene-38 : 21-diol from Methyl 38-Acetory-17B-Aydroxy-17-isc — 
2) cate. Hydrolysis of the “ crude Reformatsky product " (10 ¢.) quve 178-dihydroxy-1 
6-en-21-oic acid (7-6 g.; m. p. 235°), converted into (1V; K = H, R’ — Me) (83%), m. p. 158°, y the 
method of Plattner and Schreck (Joc. est.). Dehydration of the ester by vacuum-distillation as described 
by Plattmer and Schreck (Joc. cit.) gave (IIT; R = Ac, R’ ~ Me) in poor yield, reduced to (VI; R =< H) 
(91%), m. p. 194-108", (a) -60-1° (c, 0-616 in ethanol) by lithium aluminium hydride. Dehydration 
by thiony! chloride or ic oxide in benzene (Reichstein et al., loc. cit.) likewise gave (III; K = Ac, 


=< Me) in poor yield, uced to (Vi; R « H). 


Muethyi 38- pre Ape — egna-5 : 13(12)-dien-2l-cate (IX; R = Ac, R’ = Me).—The ester 
“10 acid (5 mil. of 98%) was heated on the steam-bath for 5 minutes, 
> violet-biue. The mixture was into water, and the — 

from 


; Row Ac, 


poured 
crystallised oy y Methyl 38-acetory-17-methyinor, 5: 1412) 
8 21-oate formed colourless leaflets (50 101° (Found : C, 742; H, 9-0. —— Pv 8) — 
146, H, #8%). Hydrolysis tw te bpdrony acd (IX; R= R’ = H) which. purihed from 
po Bo light petroleum, had m. p. 163-165" ( 76-2, H, 90. C,,H,O, 2 C, 76-3; 
H, 92%) 


The authors thank the Directors of The British Drug Houses Ltd., for permission to publish these 
results. 
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492. ihe Seed Fat of Macadamia ternifolia. 
By R. E. Brings and T. P. Hivprtcn. 


The nuts of Macadamia ternifolia, a tree found in South Queensland and elsewhere in 
Australia, contain seeds with a high content of a fatty oil resembling olive oil in general 
character, Its compenent acids, however, are made up of oleic (60%) and hexadec-9-enoic * 
(palmitoleic) acid (20°%,) with about 8%, of palmitic, 3%, of stearic, and very small proportions 
of linoleic, ecosencic, mryristic, and arachidic acids. So large a proportion of hexadecenoic acid 
im the seed fat of a terrestrial plant has not been observed previously, and further studies of the 
seed fats of related genera would be of value 


Tue evergreen tree Macadamia ternifolia, belonging to the family Proteacee, grows between the 
latitudes of 25° and 32° S. in Eastern Australia (northern New South Wales and southern 
Queensland) and attains about 60 feet in height. It is cultivated to a considerable extent in 
these areas and also in Hawaii and California. It bears hard woody nuts (termed in Australia 
Queensland nuts or Australian Bush nuts) which contain a single seed. According to Lathrop 
(J. Ou Fat Ind., 1925, 2, 44) Hawaii nuts of this species consist of shell 70% and kernel 30%, 
whilst Morrison (J. Sydney Teck. Coll. Chem. Soc., 1922, 1, 84) reported that Australian kernels 
yielded 73%, of a liquid fatty oil (iodine value 74°5—-75°8, saponification equivalent 287) which 
consisted mainly of glycerides of oleic acid, accompanied by small proportions of palmitic and 
stearic acids, and thus closely resembled the best quality of olive oil. 


* Geneva numbering 





202-0, free fatty acid (as oleic) 056%, with 10% of 

matter. When, however, the mixed fatty acids of the oil were determined in 

detail by separating them by crystallisation from acetone and then from ether at low temperatures 

into four groups of differing unsaturation, followed by fractional distillation of the methyl esters 

of each of the four groups of acids, it became evident that a considerable amount of mono- 

ethenoid acid other than oleic accompanied the latter. The acid in question was shown to be 

hexadec-9-enoic * (palmitoleic) acid, present in traces in many, probably all, seed fats (Hilditch 

and Thompson, J. Soc. Chem. Ind., 1937, 56, 4347; Hilditch and Jasperson, ibid., 1938, 57, 84 
1939, 58, 187), but not hitherto observed in major proportions in any seed fat. 

Our detailed examination of the mixed fatty acids of the Macadamia ternifolia oil led to the 
following composition: myristic 16, palmitic 80, stearic 33, arachidic 22, behenic 0°8, 
hexadecenoic 20°4, oleic 59°3, linoleic 2-2, and eicosenoic 2°2% (wt.). Macadamia oil is thus 
distinguished by its very low content of diethenoid (linoleic) acid, by the presence of a very 
small proportion of, apparently, an eicosenoic acid C,,H,,O,, and, above all, by its content of 
20% of the monoethenoid acid of the C,, series. The total amount and the relative proportions 
of saturated acids in the oil (with palmitic acid predominating) are similar to those in many other 
liquid seed oils of comparable general unsaturation (the minor proportions of myristic, 
arachidic, and behenic acids, it may be pointed out, are deduced from the ester-fractionation 
data, but the amounts present were too small to permit of definite identification as individual 
acids). 

The seemingly exceptional occurrence of so great a proportion of hexadecenoic acid in this 
seed fat merits some consideration. This acid is present in similar proportions, but is accom- 
panied by equally marked proportions of highly-unsaturated acids containing 20 and 22 carbon 
atoms in the molecule, in the fats of vegetable plankton and other marine flora (Lovern, Biochem. 
J., 1936, 30, 387; Hilditch, “ Chemical Constitution of Natural Fats,"’ 2nd Edn., 1947, pp. 24— 
26). It bas also been observed in quantity in fats of some lower forms of land flora, such as those 
of diphtheria bacilli (Chargafl, Z. physiol. Chem., 1933, 218, 223), yeast (Newman and Anderson, 
J. Biol. Chem., 1933, 102, 219), or Lycopodium spores (Riebsomer and Johnson, J. Amer. Chem. 
Soc., 1933, 55, 3352). The botanical family Proteaceae, in which Macadamia is placed, includes 
over 900 species ; of these about two-thirds are indigenous to Australia, whilst the remainder are 
natives of Cape Colony and the adjacent parts of South Africa. The members of this family are 
thought to be survivors from one of the more primitive types characteristic of the original flora 
of the Australian continent. It is conceivable that plants of such origin should elaborate seed 
fats differing in some respects from those of other plants. Again, many members of the 
Proteaceae are xerophytic in character and habituated to arid conditions of growth (although 
this probably does not hold entirely in the case of Macadamia); seed fats of such species have 
not, however, yet been studied in detail. 

Rather, therefore, than regarding the presence of hexadecenoic acid in quantity in Macadamia 
ternifolia seed fat as a completely abnormal feature in a terrestrial seed fat, we prefer merely 
to record our findings and to suggest that further study of seed fats, of other species of Proteacex, 
of other species of the elemental Australasian flora, or of other xerophytic species, would be of 
great interest and might reveal further specific relations between seed-fat composition and the 
biological development of plant species. 


EXPERIMENTAL, 


Acids of Macadamia ternifolia Seed Fat.—The mixed acids (93-2 

of the fat were first from 10% solution in acetone at — 

S chen erystallion’ 

ponsant Suey ghia entation (95. and the acids (©) dep 
The acids from acetone at 


at — 50° were further crystallised trom 10% solution in 
deposited consisting almost wholly of saturated acids. The following groups 








Bridge and Hilditch : 


vep of acids was separately converted into methy! esters, which were distilled in a vacuum 

electrically-heated and packed column. Table | shows the distilled fractions obtained from 
pnd me with the temperature at the head of the column, and the equivalent and iodine value of each 
ester fraction 


clearly indicate the presence of hexadecenoic esters (methy! hexadecenoate, 
equiv. 268, iodine val 5) in quantity in the ester fractions #2, 83, C2, C3, C4, and D2. The residual 
fractions from esters , B evidently contained, in addition to unsaturated esters of the C,, series, 
an acid of higher carbon content; the a ts p t were too smal! to permit 

its identification, and + been calculated as methy! eicosenoate (equiv. 324, iodine value 7% 4) 





Taste I. 
Frachonation of methyl esters of fatty acids of growps A, B, C, and D. 


Methy! esters from group 4. 


Fraction Wt. (¢ Temp. Sapon. equiv Iodine value 

108 120-—135° 265-2 1-7 

316 135-140 271-3 1 

2-7 140-142 276-5 2 

2-3 142-146 292-1 21 
145-150 1-5 s 
Residue 3396° 3 


eoeun~ 


Methy! esters from group B. Methy! esters from group C 


Sapon. lodine Sapon. Iodine 
Fraction. Wt. ( Temp equiv value Fraction. Wt. (g.). Temp. equiv value 
120" 2573 55.5 50—-120° 257-2 61-5 
120-135 267-4 704 : § 120-135 91-4 
140-145 2714 70-7 135-140 93-5 
, 286-2 2-8 93 
201.45 h é 2-57 ino : e2 
202-6 s 3 140-142 20 82 
293-5 ‘ 7 2-5 142-145 3 * 
204.5 h Residue * 
204-5 
205-5 
205 8 5 Methy! esters from group D. 
— Lil 136-137" 260-1 83-2 
205-8 189 137-138 267-5 93-3 
:-8 Resifee 818-7 198 140-145 2792 1095 
—— 1 66 294-6 114-2 
45°83 f 046 Residue 307-5° 986° 
T To 


* Residual esters, freed from unsaponifiable matter 


26 C8 Sap. equiv. 316-5, iodine value 79-3. 


46 Sap. equiv. 332-4, iodine value 2 
307-1, - 26 DS eo 201-3 , 92-5. 


Bis 


The unsaturated C,, acids (which form the greater part of the oil) occurred to varying extents in all 
the separate groups, but those in groups 4 and B were wholly mono-ethenoid (methy! oleate, equiv. 206 
iodine value 55-5). The polyethenoid C,, acids of the oil were concentrated in groups C and D, in 
representative C,, ester fractions of which the proportions of linoleic and oleic acids were determined 
spectrophotometrically after isomerisation with alkali at 180° for | hour as described by Hilditch, Morton, 
and Riley (Analyst, 1045, 70, 468). The acids of ester fraction D4 were also isomerised with alkali at 170° 
for 15 minutes, but then gave negligible absorption at 268 my, indicating the absence of linolenic acid 
The spectrophotometric data for the acids isomerised at 180° for 1 hour were 


Mixed acids, Composition of mixed acids (% wt.) 


Ester fraction - Iodine value ps at 234 mp Linoleix Oleic 
cé oT” 66 7-3 92-7 
Da 199 28 31-9 68-1 


The components of each ester fraction were then calculated by procedures which have been described 
elsewhere in detail (Hilditch, of. cit., pp. 505-509). The percentages of the component acids in each of 
the four groups, and therefrom those for the total fatty acids of the Macadamia oil, then follow (Table II 





% (wt). % (wt. 
i3 2-2 
i” 

02 — 
10-5 46 

85-4 39. 

— 3 

04 7. 

o1 


Identification of Unsaturated Acids Present in Macadamia Oi).—Hexadecenoic, oleic and linoleic 
acids were identified in one or other of the ester fractions as follows ; 


Hesadecenonc acid. Teele Se) See Re seep aaa. C2, D1, and D2 (equivalents 
268 or below) were mi and oxidised in acetone solution wit es as a 
(Armstrong and Hilditch, J. Soc. Chem. Ind., 1925, 44, 431, 1807). After separation of mono- and 
dicarboxylic acids produced, azelaic acid — =. p. 103— 104°, unchanged on admixture with the 

ure acid; Found: equiv., 92-5. Cale.: equiv The monobasic acids ( ted by distillation 
in steam) were recovered and fractionally distilled through a small column, giving tions of acids with 
equivalents from 126 to 132 (heptoic acid, equiv. *8* The acid is thus hexadec-9-enoic acid. 


Another ion of acids (3-0 g., from ester fraction — — oxidised in dilute 8 alkaline 
solution at 0° with potassium — — (Lapworth and , 1025, 127, 1628), —— 
acid being formed which melted at 127—128° (unchanged on ——— with 9: 10-dihydroxypalmitic 


acid). 


Oleic acid. Acids (7-9 g.) from the mixed ester fractions B10-—13 (equivalents 205-6—206-4) were 
oxidised as above in acetone solution with um Len pry dibasic acid product melted 
at 104—105° (unchanged on admixture azelaic acid) had an equivalent of 04-4. The mono- 
basic acids produced were converted into ethy! esters and the latter fractionally distilled, fractions with 
equivalents from 178 to 185 being produced (ethyl nonoate, equiv. 186). 


Another mn of Ge ameen Ole: een eee en oxidation with 
dilute ice-c alkaline permanganate, giving an acid of m. p. 130° mixed with 
9: 10-dihydroxystearic acid). 


The octadecenoic acid present was thus ordinary oleic acid. 


Linoleic acid. Acids (1-6 g.) from ester fraction D4 were dissolved in light petroleum (b. p "). 
and bromine was added to the solution at 0". A small t of crystalline bromo-addit tion product was 
produced, which after recrystallisation from the same solvent melted at 112° (unchanged when mixed 
with tetrabromostearic acid, m. p. 114°, from authentic linoleic acid). 


We thank Dr. J. R. Vickery for his kindness in obtaining the imen of Macadamia oil used in this 
work, and Professor D. A. Herbert of the University of who has ied us with much 
botanical information on the genus Macadamia. We the Colonial Products h Council for 
authority to publish these results, and for a grant to one of us (R. E. B.). 
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493. Kinetics and Mechanism of Aromatic Nitration., Part II. 
Nitration by the Nitronium Ion, NO,*, derived from Nitric Acid. 
By E. D. Hucmes, C. K. Incowp, and R. IL. Reep. 


The plan underlying the investigation as developed in this collection of papers, which 
includes papers of several concurrent series, is explained. The series to which this paper 
belongs is concerned with the kinetics and products of aromatic nitration. The other series 
dea! with various kinds of physical and synthetical evidence, all bearing directly or indirectly on 
the subject of nitration. in this paper the kinetics of aromatic nitration by nitric acid are 
considered. The treatment is divided into Sections, and the following summary of the paper 
is intended to render any of its Sections i of reading the others. 

(1) Kemetic Orders of Aromatic Nitration ; N » ).--Aromatic nitration 
displays second-order in sulphuric acid (Martinsen), first-order kinetics in nitric 
ackl, and in either nitromethane or acetic acid with nitric acid in constant excess, it exhubits 
seroth-order kinetics for sufficiently reactive tic « and first-order kinetics for 
sufficiently unreactive compounds. Nothing of special interest ony mechanism follows 
from these kinetic results in ——= acid, and in nitric acid, though they are consistent with 
what is deduced; but the ~order kinetics in organic solvents, and feo tre transition to first- 
order kinetics with diminishing aromatic reactivity, proves without alternative the formation 
and effectiveness of the nitronium ion, NO,*. The kinetically fundamental process is shown to 
be localised in nitric acid, to be activated, to be heterolytic, and to produce electron-deficient 
nitrogen. Therefore it is the bond-fission 


HO—NO, ⸗ HO- + NO, 


d the associated, instantaneous proton-transfers, which are treated under (2). 
(2) Solute Effects om Nitration Kinetics: Mechanism of Formation of the Nitronsum Ion 
(p. 2412).—-Aromatic nitration in nitric acid, or in nitromethane, or acetic acid, with nitric acid 
ia constant excess, is accelerated by sulphuric acid, and retarded by ionising nitrates, the latter 
effect being specific, and not a general salt effect. The effect of sulphuric acid on the rate, and 
that of nitrate jon on the rec al of the rate, obey linear limiting laws. The effects occur 
alike with zeroth- and first reactions, always without disturbance to the reaction order. 
results show that one proton is employed, and one nitrate ion eliminated, in the 
conversion of nitric acid into a nitronium ion; and that these changes are reversed. It also 
follows that they take ¢ im an earlier reac than that which uces nitronium 
ton, because a zeroth tutration only maintains its kinetic order when latter step is not 
reversed. Thus the following two-stage mechanism is unequivocally established : 


2HNO, == H,NO,* + NO,>~ (fast) 
H,NO,* —— > NO,* + H,O (slow) 


Consistently, the kinetic effect of water in zeroth-order nitration is negligible in ison 
with that of nitrate ion. Relatively large amounts of water will retard the nitration by 
reversing the second of the above reaction-steps; but then the zeroth-order reaction goes 
over into a first-order reaction. Consistently also, the kinetic effect of water on first-order 
nitration is comparable to that of nitrate ion. These considerations establish the formation of 
the nitric acidium jon, H,NO,*. The function of one of the above-written nitric acid molecules 
is sumply to supply a proton to the other one, which is the actual source of the nitronium ion; 
and the function of proton-supply will obviously be taken over by a stronger acid than nitric 
acid, such as sulphuric acid, if such an acid is present. 

(3) Medium Effects on Nitration Kinetics | Mode of Action of tha Nitronium Ion (p. 2423).— 
Acetic acid, nitromethane, nitric acid, and sulphuric acid, considered as nitration media, form 
@ series in order of increasing polarity. A partial or complete replacement of acetic acid by 
nitromethane, of either by nitric acid, or of any of these by sulphuric acid, increases nitration 
rate, independently of reaction order. Such changes to more polar media may also change the 
order, reducing it from first towards zeroth, as he boon illustrated for the replacement of acetic 
acid by nitromethane, and for its partial replacement by nitric acid. From these results, and 
the well-established theory of kinetic solvent effects, it follows that, while ionic charges are 
created in the reactions that produce the nitronium ton, tonic charges are neither formed nor 
destroyed in the kinetically significant step of the attack by the nitronium ion on the aromatic 
molecule The nitrating attack must therefore be a two-stage bimolecular process 











ArH + NO,* > ArH(NO,) (slow 


ArH(NO,) — ArNO, + H* (fast) 


The slowness of the first step is shown by the kinetics, and the relative rapidity of the second 
is confirmed (Melander) by the absence of a hydrogen-isotope effect on the rate. The recently 
discussed suggestion that the nitrating attack is a one-stage termolecular process, requiring the 
collaboration of a base, and especially of an anion, as in the equation 


NO,’ + ArH + HSO,- — ArNO, + H,SO, 








nitrous acid concentration. attributed to the ionisation of oxides of nitroge 
fe rents = Nitrous acid exists in nitric acid mostly as dinitrogen tetroxide ; 


concentration, or the addition of water, increases the small! proportion 
dinitrogen trioxide : 
2N,0,+H,O == N,O, + 2HNO, 








“power law, and 
ves-power law. 


(0) Lytropuction to Some Papgers or Severat ConcuRRENT SERIES. 


(0.1) This Paper as a Development of Previous Work on Nitration Kinetics.—The work now 
is a continuation of the investigation, described in Part I* (Benford and Ingold, 

J ., 1938, 929), into the kinetics of nitration of aromatic compounds by nitric acid in 

solution. We have employed the dilatometric technique used by Benford and Ingold (loc. cit.), 

adding some small refinements which will be mentioned later. As heretofore, the interpretation 


of the dilatometric results has been controlled by chemical analysis. A short statement of our 
main results and conclusions has already been published (Hughes, Ingold, and Reed, Nature, 
1946, 158, 448). 

Having established a convenient technique, Benford and Ingold made a general survey of 
solvents for nitration. These they classified as fast, medium, and slow, according to their 
effect on nitration rate. Thus sulphuric acid was a fast solvent, nitromethane a medium-rate 
solvent, and acetic acid was a slow solvent. In consequence of earlier work by Martinsen and 
others, much was already known about the kinetics of nitration in sulphuric acid; and therefore, 
Benford and Ingold concentrated upon the medium-rate solvent, nitromethane, leaving for the 
future the study of slow, and the continued study of fast, solvents. 

A further investigation was promised in Part I on the kinetics of nitration in sulphuric acid, 
and a programme of work on these lines was commenced; but it was abandoned when, later, 
the information was received that others were engaged in a similar study. However, we 
continued our investigation of nitration kinetics and mechanism in a large number of other 
ways, of which the following three are brought together in the present paper. 

First, in order to strengthen the evidence concerning fast solvents, we have studied nitration 
kinetics with nitric acid itself as the solvent: though not so fast as sulphuric acid, nitric acid 
is certainly to be classed as a fast solvent for nitration.f Secondly, we have extended, and in 
a sense completed, the kinetic investigation of Benford and Ingold on nitration in the medium- 
rate solvent, nitromethane. Thirdly, as foreshadowed in Part I, we have carried out a similarly 
full investigation on the kinetics of nitration in the slow solvent, acetic acid. Judged from the 
results, the solvents mentioned might fairly be classified into two main groups: sulphuric acid 
and nitric acid are more or less comparable, and so also are nitromethane and acetic acid, the 
differences in each case being quantitative rather than qualitative. 

* The paper to which we refer as Part I of the series was published under the specific title 
—— Ce, Aine Aromatic Nitration, especially in Nitromethane 


Solw 
+ Perchloric acid is stated to be a faster solvent for nitration than is acid (Robinson, 
J., 1941, 238), though no detailed report illustrating the comparison is yet a . 
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(0.2) Continued Study of Nitration Kinetics in the Accompanying Papers.—We have 
extended the kinetic investigation in several further directions. First, the very slow nitration 
solvent, water, required to be examined, in order to complete the representation of solvent 
types. The issues here involved are rather distinct, and it thus became convenient to describe 
this part of the work in a separate paper (Part III). Secondly, all the work so far mentioned is 
concerned with nitrations effected by the use of nitric acid, either alone or in a solvent; but 
alkyl and acyl nitrates are also in principle nitrating agents, and thus it seemed desirable to 
investigate their behaviour. A particularly important special case is that of nitry! nitrate, 
i¢, dinitrogen pentoxide. Some further papers of the present group deal with this part of 
the subject (Parts IV and V) 

Thirdly, the general kinetic findings, as set out in the present paper, apply without 
modification to a great variety of aromatic substances; but derivatives of phenol and aniline 
form a special class, inasmuch as their nitration often involves complications, which affect 
the kinetics, and sometimes also the products, of nitration. The nature of these disturbances, 
and their place in the general scheme of aromatic nitration, is examined in other papers of the 
present collection (Parts VI-—VIII). However, our work on the kinetics of nitration of aniline 
derivatives is still incomplete, and further papers on this section of the subject will be offered 
later 

(0.3) Nom-hinetic Study of Nitrating Agents as Reported in Accompanying Papers.—This 
explanation of the plan of the present work has referred as yet only to kinetic investigations. 
In the study of reaction mechanism, it is desirable, where possible, to combine kinetic with 
non-kinetic evidence; and, accordingly, the papers mentioned above will be found interspersed 
with a number of others, which largely follow their own general theses, but in doing so contribute 
evidence of a non-kinetic kind on the mechanism of nitration 

Such evidence has been obtained in several different ways, including the physical examination 
of nitrating media, the chemical separation of reactive entities contained in such media, and 
the physical study of the isolated entities. We may refer to accompanying papers, or series 
of papers, under the serial titles, ‘‘ Cryoscopic Measurements in Sulphuric Acid,’ Cryoscopic 
Measurements in Nitric Acid,"’ Chemistry of Nitronium Salts,"’ “ Vibrational Spectra of Ionic 
Forms of Oxides and Oxy-acids of Nitrogen,” and “ Chemistry of Nitroammonium Salts.”’ 
The physical properties which have been found to be of most service in this problem are 
freezing-point depressions, Raman spectra, and electrolytic phenomena; and the relevant work 
by the first two of these methods is being published at this time. Our electrochemical work 
however, it still unfinished, as is also some work which employs the method of infra-red 
absorption spectra. Papers dealing with these divisions of the investigation will be published 
later. A related crystallographic investigation is proceeding in Professor Cox's laboratory 


(1) Kinetic Orpers of Aromatic Nirration: Tue Nirronium Ion, NO,* 


(1.0) Conditions affecting Reaction Order.—-The kinetic results which are the simplest to 
interpret, and are of the most general significance with respect to the mechanism of nitration, 
are those which relate to kinetic order, and its variation with the aromatic compound and with 
the solvent 

Summarising our previous remarks on the general differences between solvents, we now 
arrange them, as shown below, in a graded series, according to their effect on reaction rate 
The reason for doing this is that the same series forms a useful basis for considering the behaviour 
of the different solvents in the determination of the kinetic order of nitration, and for discussing 
the effects of the solvents on reaction mechanism 


H,SO, > HNO, > CHyNQ, > CH,-CO,H S H,O 


For the purpose of discussing the effect of the constitution of the aromatic compound on 
reaction order and mechanism, it is convenient to grade also aromatic compounds with reference 
to their influence on nitration rate, i.¢, according to the relative rates at which they would be 
attacked under uniform conditions 

This can be discovered by what we may call the competition method: two aromatic 
compounds, both in excess, are allowed to compete for a limited amount of a nitrating agent in 
the same homogeneous solution, and, from the proportions in which they are nitrated, the ratio 
of the specific rates at which the nitrating entity attacks the competing aromatic molecules is 
calculated 
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Determinations on these lines have been made for benzene and a number of monosubstituted 
benzenes (Ingold and Shaw, J., 1927, 2018; Ingold, Lapworth, Rothstein, and Ward, ]., 1931, 
1969; Ingold and Smith, ]., 1938, 905; Bird and Ingold, /., 1938, 918; Bordwell and Robde, 
J. Amer. Chem. Soc., 1948, 70, 1191; Ingold and Shaw, /., 1949, 575). The numerical results 
vary with the conditions, but are not very sensitive to them: so that the following statements 
may be taken as approximately true over a considerable range of temperatures and 
media. Toluene is attacked 24 times faster than benzene, flaoro- and iodo-benzene 6 times 
more slowly than benzene, chloro- and bromo-benzene 30 times more slowly than benzene, and 
ethyl benzoate 300 times more slowly than benzene. Qualitatively we know that benzene- 
sulphonic acid is attacked still more slowly, and nitrobenzene even more slowly. Thus the 
relative effects of substituents in activating or deactivating the benzene nucleus towards this 
type of attack is expressed by the following sequence : 


Me > (H) > F, I > Cl, Br > CO,Et > SO,H > NO, 


There is reason to believe that, within fairly wide limits, these relationships will hold 
qualitatively for polysubstituted benzenes; so that, for instance, p-xylene is attacked more 
rapidly than toluene, and p-dichlorobenzene more slowly than chlorobenzene. We shall later 
confirm this expectation by means of rate-constants applying to such examples 


(1.1) Observations on Kinetic Order. 


(1.1.1) Reaction Order in Sulphuric Acid —Before the inception of this work, a simple 
kinetic order for the nitration of aromatic compounds had been established for one solvent 
only, viz., sulphuric acid. The nitration of benzene itself by nitric acid in sulphuric acid is too 
rapid for measurement; but in 1904 Martinsen found that the nitration of nitrobenzene in this 
medium was a straightforward reaction of the second order (Z. physihal. Chem., 1904, 50, 385) ; 
and he later obtained the same result for several] other benzene derivatives, such as 2 : 4-dinitro- 
toluene and the three nitrobenzoic acids (ibid., 1907, 59, 605). This result has been confirmed 
by all subsequent investigators. Klemenc and Schdller observed second-order kinetics for the 
nitration, in sulphuric acid, of several mose benzene derivatives, such as 2 : 4-dinitro-m-xylene 
and the chloronitrobenzenes (Z. anorg. Chem., 1924, 141, 231). Lauer and Oda established 
corresponding kinetics for the nitration of anthraquinone (J. pr. Chem., 1936, 144, 176; Ber., 
1936, 69, 1061); as did Oda and Ueda for the nitration of a number of substituted anthra- 
quinones (Bull. Inst. Phys. Chem. Res., Japan, 1941, 20, 335). Westheimer and Kharasch, 
besides confirming a number of the earlier results, have established second-order kinetics for the 
nitration in sulphuric acid of some additional nitro-substituted benzenes, and alse of some 
derivatives of benzoic acid and benzenesulphonic acid (J. Amer. Chem. Soc., 1946, 68, 1871) 
Bennett, Brand, James, Saunders, and Williams have supplied further confirmation of 
Martinsen’s observation that the nitration of 2 : 4-dinitrotoluene in sulphuric acid is a second- 
order process (J., 1947, 474). 

The general conclusion from all this work may be epitomised thus : 


‘Shown for nitro-substituted b for benzoic and be 
acids, and for anthraquinones (lit.).} 


() 





Rate in H,SO, « 4,{HAr)[HNO, } 


(1.1.2) Reaction Order in Nitric Acid.—With the above conclusion we can associate one, 
which is derived in the present paper, concerning nitrations in which nitric acid is, not only the 
nitrating agent, but also the solvent. In these experiments the nitric acid was, of course, in 
constant concentration. The reactions were found to be of the first order with respect to the 
aromatic compound, and hence the kinetic equation for nitration in nitric acid is consistent 
with that given above for nitration by nitric acid in sulphuric acid. 

The aromatic compounds studied were nitrobenzene, p-chi itrot , and | -nitroanthra- 
quinone. The course of a typical run is shown in Fig. 1. From the linear fall with time shown 
by the logarithm of the concentration of the compound undergoing nitration, it is evident that 
the first-order rate-law is well obeyed. 

Some first-order rate constants for nitration in nitric acid are reported in Table |: other 
values will be found in Tables VII, XII, XIV, and XXIII, on pp. 2414, 2417, 2418, and 
2433 respectively. 
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First-order vate constants (k, im sec.) for nitration im mitric acid. 


Expt. 
410 


oa 
671 








Nitrating solutions nearly always contain what for convenience we call “ nitrous acid ” and 
symbolise HNO,, that is, lower oxides of nitrogen and all other materials which in the water- 
diluted solution are collectively estimated as nitrous acid. In most conditions this nitrous 
acid has a definite (usually a negative) catalytic effect, and therefore it is necessary to include 
its concentration among the particulars which must be specified when quoting rate constants. 


Pie. 1. 
Nitration im witric acid: general hinetic 
form (illustrated by Expt. 411 om the Fis. 2. 
nitration of mitrobensene at 133°). Nitration im nitromethane. First-order hinetic form 
ze (llustrated by Expt. 301 om the nitration of p-di- 
\ chlorobenzene by &-Sm-ritric acid at 20-0°) 
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This is done in Table I, and in all the later tables of this paper. But in the experiments of 
Table I the concentrations of nitrous acid were too small to have significant effects on the rate 
constants, excepting possibly in the experiment on p-chloronitrobenzene. 

In the example of |-nitroanthraquinone we investigated the effect of adding sulphuric acid 
to the medium, thus tracing part of the transition from a nitric acid to a sulphuric acid solvent 
This increased the reaction rate, as we shall note in more detail later; but, the nitric acid being 
always in constant excess, it made no difference to the reaction order. Moderate additions of 
water, of certain salts, including nitrates, and of nitrous acid also made no difference to the 
reaction order 

Thus our general result for nitric acid solvents may be summarised as follows : 


‘Shown for nitrobenzene, p-chloronitrobenzene and 1-nitroanthraquinone (2) 


Rate in HNO, ~ 4,{HAr] (CHNO,) = constant) } 
(this paper).) 

(1.1.3) Reaction Orders in Nitromethane.—The first well-defined kinetic results in any 
solvent other than sulphuric acid were those reported in Part I (Benford and Ingold, loc. cit.). 
With nitromethane as solvent and nitric acid in constant excess, zeroth-order kinetics were 
demonstrated for the nitration of benzene and two of its homologues. This means that nitration 
proceeds at an undiminished rate until the original substance is exhausted, when the reaction 
has to cense abruptly. Such insensitiveness of the rate to the concentration of the aromatic 
compound seems to imply an insensitiveness to the nature of the compound, and within limits 
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this was confirmed : in the same medium and at the same temperature, benzene, toluene, and 
ethylbenzene were all nitrated at an identical rate : 


Rate in Me-NO, = 4, ((HINO,) — constant) } 
(Shown for benzene, toluene, and ethylbenzene (Part I).) 


relationships appear to be restricted to benzene and those derivatives of benzene, 
paced ayy a a gw Nn nang myth mig woman die iin oe 
The relationships do not hold for those aromatic 


(3) 





fairly close to this limit, while chloro- and bromo-benzene occupied more remote places, nearer 
the other limit. This second limiting form was hypothetically identified with a first-order 
type of kinetics, which was assumed to be observable for nitration in nitromethane with still 
less reactive aromatic compounds, but which Benford and Ingold did not in fact observe 
directly : 


Rate in Me-NO, : intermediate between (3) and 5. 


(Shown for the four halogenobenzenes (Part I) ) () 

We have confirmed this identification of the second limiting kinetic form by isolating it— 
how completely can be seen from the example represented in Fig. 2. To achieve this result, all 
that was necessary was to reduce further the reactivity of the aromatic ring, as it would appear 
in experiments on competitive nitration, by the introduction of a second halogen atom. The 
linear time-dependence of the logarithm of the concentration of the substance undergoing 
nitration shows the reaction to be of the first order. 

Some first-order rate constants for p-dichlorobenzene and | : 2: 4-trichlorobenzene are 
given in Table II. Other values for the former substance will be found in Tables XI and XXI 
on pp. 2416 and 2431, respectively. These reactions are sensitive to anti-catalysis by nitrous 
acid, even at the lowest concentrations here recorded. However, the kinetic order remains 
unaffected by changes in the concentration of the nitrous acid, or of the nitric acid, within 
the range of our experiments 

Tasie II. 
First-order vate constants (k, im sec.-*) for nitration in nitromethane 
HAr HNO,). [HNO,. Temp (HAr,  10%,. 
p-Dichlorobenzene ....... — es 8-5 00135 10-0° 0-20 
ri 0.0240 44 0-10 
0-0018 * 

« = * O17 
1:2:4-Trichlorobenzene ............... 2 * ia 0-10 
⸗Diclero eaenee 114 0-0269 * 

The fact that the first-order kinetic form of nitration, which, on deactivating the aromatic 
ring by successive chlorine substituents, is reached at p-dichl , is not still transitional, 
but is a stable limiting kinetic form, is proved by introducing the third chlorine atom of 1: 2; 4 
trichlorobenzene. This makes no difference to the first-order form of the reaction, although, 
as the rate-constants themselves establish, it does bring about a further reduction in the 
reactivity of the aromatic ring towards the nitrating agent. 
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Summarising this series of results in the form already used for other series, we have 


Rate in Me-NO, = 4,/HAr) ((HNO,) = constant) | 5 
[[Shown for p-di- and 1 ; 2: 4-tri-chlorobenzene (this paper).) ig 

(1.1.4) Reaction Orders in Acetic Acid.—Bentord and Ingold thought that the kinetic forms 
that they had established for nitration in nitromethane, and, in particular, the zeroth-order 
kinetics followed by the nitration of benzene and its homologues, were dependent in a special 
way upon that solvent; but we have now observed all the same kinetic phenomena with acetic 
acid as the solvent. As compared with nitromethane, the use of acetic acid as solvent produces, 
not only reduced rates, but also a distinct shift in the distribution of the aromatic compounds 
among the different reaction orders. Thus, under the conditions we have used, the nitration of 
benzene itself in acetic acid is not invariably a reaction of zeroth order, as it is in nitromethane 
With certain concentrations of nitric acid the reaction is nearly of zeroth order; but at other 
concentrations the deviations from zeroth-order kinetics are very appreciable ; and at yet others 
they are large. However, the nitration of toluene is definitely of zeroth order over the whole 
of the investigated range of concentrations, and the same is true for all the higher homologues 
of benzene that we have examined, viz., ethylbenzene, p-xylene, and mesitylene. Fig. 3 
illustrates the general form of the kinetic results obtained for the nitration of the alkylated 
benzenes in acetic acid. The same form of curve is obtained for benzene itself provided that the 
concentration of nitric acid is above a certain minimum 

Some zeroth-order rate constants applying to nitrations in acetic acid are given in Table III. 
In Expts. 70 and 80, the concentration of nitric acid was made large in order to secure a zeroth- 
order reaction for benzene; and then, because of the high resulting rates, the concentration of 


Taste Ill 
Zeroth-order rate consiants (k, in sec.* g.-mol.J.-*) for nitration in 99°8%, acetic acid. 


HAr [HNO,) HNO, Temp 
Henzene ine 0-497 10-7" 
Toluene ‘ , ee 90 
7 0-0024 200 
00004 
0-005 
⸗ 00000 
Ethylbenzene 0-0027 
o 00046 
ae 0-0143 
p- Xylene 0.0046 
0 , 0-0192 
Mesitylene : 06-0037 
2 0-0046 
* 0-0073 4* 
-Xylene § 00-0006 * 0-433 
esitylene 0-0137 O417 


nitrous acid was also made unusually large in order to bring the rates down to values which 
could be measured conveniently. In all the other experiments of Table III the kinetic effect of 
nitrous acid is small if not negligible 

The most severe test for a zeroth-order reaction is that the rate shall be independent, not 
only of the concentration of the substance nitrated, but also of the nature of that substance, 
provided that the nitration medium and temperature remain the same. Table III shows that 
this criterion is satisfied within the range of our experiments. 

We may summarise these findings in the following statement : 


(Shown conditionally for benzene, and generally for toluene, ethylbenzene, 


Rate in HOAc = A, ((HNO,) = constant) } 
p-xylene, and mesitylene (this paper 


When the kinetics of the nitration of benzene in acetic acid containing nitric acid in constant 
excess differ appreciably from those of a zeroth-order reaction, the deviation is always in the 
direction of one which would be caused by an admixed first-order reaction; and the first-order 
character becomes more marked towards the end of reaction. Fig. 4 illustrates the course of a 
nitration of benzene in acetic acid with such a concentration of nitric acid that the deviation 
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from zeroth-order kinetics is large. In order to show the character of the deviation, both the 
concentration of the benzene and the logarithm of its concentration have been plotted against 
time. Though the reaction has no definite kinetic order, a resemblance to first-order kinetics 
can be recognised : a quoted first-order rate constant, based on the latter part of the reaction, 
would Lave some rough significance. 


Fie. 3. 
Nutration im acetic acid. Zeroth-order kinetic 
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Kinetically, the nitration of benzene in acetic acid is somewhat similar to that of fluoro- or 
of iodo-benzene in nitromethane. The nitration of these two hal Ib in acetic 
acid, containing a constant excess of nitric acid, follows a kinetic form which is intermediate 
between zeroth and first order, but under most conditions, and especially towards the end of 
reaction, is close enough to the latter to give approximate significance to a quoted first-order 
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Thus the nitrations of fluoro- and iodo-benzene in acetic acid are kinetically 
to the mitrations of chloto· and bromo-benzene in nitromethane: The nitrations 


the logarithmic plot in Fig. 5. The fact that the reaction order is still not 
. however, be shown by comparisons among first-order rate constants derived 
from experiments, similar to that illustrated, but with different initial concentrations of the 


Table IV contains a number of approximate first-order rate constants computed for such 
mixed-order nitrations of benzene and the halogenobenzenes in acetic acid as have kinetic forms 
sufficiently close to that of a first-order reaction to allow such a representation. Other similar 
values for chiorobenzene will be found in Table XXII on p. 2432. 


Taare IV. 


Approximate first-order rate-constants (k, in sec.-*) for mixed-order nitrations in 99°8% 
acetic acid. 
HAr. [HNO,). [(HNO,) Temp. {HAr),. 10*A,. 
Sertes A 
Benzene ‘ . ; sO 0-0015 0-10 
0 ‘ — 0-10 
* * * 0-10 
Fluorobenzene — —— pi 0-10 
. 0-10 
0-10 


lodobenzene 


Fluorobenzene 


lodobenzene 
Chiorobenzene . 
Hromobenzene 


Chioroben zene 06-0022 


108 Benzene 
107 
105 
110 
108 
113 


The experiments of Series A and B in Table [V show that benzene and the halogenobenzenes 
arrange themselves with reference to nitration rate into three groups, as follows: 


benzene > fluoro- and iodo-benzene » chloro- and bromo-benzene 


The grouping is the same as in Benford and Ingold’s kinetic experiments in nitromethane, and 
the same as in Bird and Ingold's comparisons by the competition method (Jocc. cit.). 

The data of Series C in Table IV show that the nitration of chlorobenzene in 10m-nitric 
acid is not accurately a reaction of the first order. No doubt it would be very nearly of first 
order in sufficiently dilute solution; but as the initial, and therefore the average, concentration 
of the aromatic compound is increased in successive experiments, the average reaction-order 
falls, and therefore the computed average first-order rate constant falls. This is consistent with 
the observation that, in any one experiment, the instantaneous reaction-order rises as the 
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concentration of the chlorobenzene falls towards the end of the experiment. 
Series D show the same thing for the nitration of benzene in 9 7u-nitric 
illustrates, this reaction is certainly not accurately obeying a first-rate law. 
We may express these findings in a summarising statement, as follows : 
Rate in HOAc : Intermediate between (6) and (8) 
———— he Gecteamdnmies Mioisekak m 


As was explained above, one of the two limits which bound this range of intermediate kinetic 
forms, viz., the zeroth-order form, has been established as a stable limit for nitration in acetic 
acid by the study of benzene homologues containing from one to three activating alkyl! groups. 
The other limit, viz., the first-order form of reaction, has been similarly established as a stable 
limit by the study of benzene derivatives containing from one to three deactivating chlorine 
substituents. The same first-order form is preserved in the presence of the more strongly 

deactivating carbethoxy! substituent. In acetic acid, with nitric acid in constant excess, the 
nitrations of o-, m-, and p-dichlorobenzene, of 1 : 2 : 4-trichlorobenzene, and of ethyl benzoate, 
all display first-order kinetics. The course of a typical run is shown as the usual logarithmic 
plot in Fig. 6. 

A number of first-order rate constants for nitration in acetic acid are assembled in Table V. 
The rates show that the three chlorine atoms successively introduced in the chlorinated 
benzenes studied exert deactivating effects, which, although not equal to one another, are of 
the same order of magnitude. They show also that the deactivating effect of a carbethoxyl 
group is of the order of that of two chlorine atoms. 


Taste V. 
First-order vate constants (k, in sec.-*) for nitrations in 99°8%, acetic acid. 


Temp. (HAr), 
20-0" 0-10 


160 oie 
190-9 2 
20-0 0-10 

The differences between the rates for the isomeric dichlorobenzenes, in particular the greater 
rate of nitration of m-dichlorobengene than of its isomers, may possibly be correlated with the 
circumstance that both the chlorine atoms of m-dichlorobenzene are, like the single chlorine 
atom of chlorobenzene, in ortho- ‘br para-positions with respect to the principal positions into 
which the nitro-group enters; whereas only one of the two chlorine atoms in o- or in p-dichloro- 
benzene, and only two of the three in 1 : 2 : 4-trichlorobenzene are in ortho- or para-positions 
with respect to the main positions in which nitration occurs in these substances. One chlorine 
atom in each of these three compounds necessarily occupies a mela-position with respect to 
the principal positions of nitration. From the orientational effects of halogens, one must 
expect deactivation by chlorine to be stronger in the mefa-position than in other positions. On 
the other hand, the figures themselves show that the deactivating actions of the different chlorine 
atoms in the polysubstituted compounds are by no means independent of one another. 

We summarise this group of the results in the following statement : 


Rate in HOAc = &,[HAr) ((HNO,) = constant) } 


[Shown for o-, m- and p-dichlorobenzene, | : 2 : 4-trichlorobenzene, 
and ethyl! benzoate (this paper).' 


(1.2) Discussion (Part 1). The Kinetic Orders: Formation and Effectiveness of the 
Nitronium Ion. 


(1.2.1) Significance of the Changes of Kinetic Order: The Nitronium lon.—The 
facts requires explanation. Nitration is rapid, and exhibits second-order kinetics in sulphuric 
acid (equation 1): it is rather rapid, and exhibits first-order kinetics in nitric acid (equation 2). 
In the organic solvents, nitromethane and acetic acid, with nitric acid in constant excess, 
nitration is relatively slow; and it exhibits zeroth-order kinetics if the aromatic compound is 
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sufficiently reactive in electrophilic substitutions (equations 3 ana 6), first-order kinetics if the 
aromatic compound is sufficiently unreactive in such substitutions (equations 5 and 8), and 
mixed zeroth-to-first-order kinetics for aromatic compounds having intermediate reactivity 
(equations 4 and 7) 

The second-order nitration in sulphuric acid and the first-order nitration in nitric acid 
could be held to be consistent with many theories of mechanism. These kinetics indicate 
nitration either by the nitric acid molecule itself, or by any reactive entity whose concentration 
throughout nitration bears a constant ratio to the stoicheiometric concentration of nitric acid 
In the latter alternative, the nitrating entity might be formed nearly completely, partially, or 
in minute proportion; but it must be formed rapidly in comparison with the rate of its 
involvement in nitration. That is all that can be said on the basis of these particular kinetic 
results: they are of too normal a type to give any specific indication of mechanism 

On the other hand, the observation of zeroth-order kinetics for nitration in nitromethane 
and in acetic acid is highly significant. It has for nitration the same kind of importance as 
Lapworth's discovery of the first-order bromination of acetone had for prototropy, a general 
reaction which we now know to be rate-controlled by a protolysis. Again, the observation 
that, for nitration in these solvents, the kinetic order changes during a graded series of 
constitutional changes related to the reactivity of the aromatic molecule for electrophilic 
substitution, has the same significance for nitration as the discovery of a similar change of 
kinetic order, during a progressive change of alkyl structure in nucleophilic aliphatic substitution, 
had for the mechanism of that general reaction. In the latter case, the accepted interpretation 
is that the alkyl derivative undergoes a heterolysis which, if sufficiently facilitated by internal 
polar effects, becomes rate-determining for the substitution, independently of co-operation by the 
second reactant 

Apart from the lead given by these known analogies, the conclusion indicated by the changes 
of kinetic order is clear. Nitration depends on some preliminary process which does not involve 
the aromatic compound, and which, by the use of solvents such as nitromethane and acetic acid, 
can be made slow enough to be rate-determining, provided that a sufficiently reactive aromatic 
compound is employed. The preliminary change cannot be in the solvent, because solvents 
which have little in common with respect to their general chemistry behave similarly. Hence 
it must be in the nitric acid itself. Benford and Ingold's original assumption that, for nitration 
in nitromethane, the preliminary change consisted in the prototropic isomerisation of the 
solvent is easily shown to be incorrect. For if it were true, the rate of a zeroth-order nitration 
in nitromethane should be equal to the rate at which nitromethane would be brominated in 
identical conditions, apart from the replacement of the aromatic compound by bromine 
Actually the former reaction is enormously faster than the latter. Further, the rates of the two 
processes are changed in opposite ways by changes in the concentration of nitric acid. 

A measurably slow change in nitric acid cannot depend only on proton transfers, which are 
instantaneous in oxy-acids. Moreover, a slow, and therefore activated, process must involve 
the breaking of a bond. The orientation laws for nitration, and the effects of substitution on 
aromatic reactivity in competitive nitration, clearly establish that nitration is an electrophilic 
substitution. Hence the bond fission must be heterolytic, not homolytic; and hence, also, it 
must take such a direction as will yield an electrophilic nitrating agent—an entity having the 
appropriate atomic grouping with an electron-deficient nitrogen atom. Disregarding for the 
moment, as an easily adjustable detail, the distribution of instantaneously transferable protons, 
the fundamental heterolysis, the kinetic effect of which stands isolated in zeroth-order nitration, 
can only be the following : 


O,N—OH — 0,N* + OH- (9) 


The active product for nitration is the nitronium ton, NO,*, and the heterolysis which yields 
it is clearly analogous to the heterolysis which, in the chemistry of alkyl compounds, gives the 
alky! cation, and stands kinetically isolated in unimolecular nucleophilic substitution and 
elimination. Our kinetic result is a demonstration, jointly, of the formation and effectiveness of 
the nitronium ion. Further demonstrations of its formation will be given in other papers of 
this group 

The idea that, in certain conditions of nitration, the actual nitrating agent might be the 
nitronium ion was advanced as early as 1903 by Euler (Annalen, 1903, 380, 280). It has since 
been supported by Euler himself (27. angew. Chem., 1922, 35, 580), by Walden (ibid, 1924, 87, 
390), by Ri and Eyring (/. Chem. Physics, 1940, 8, 433), by Price (Chem. Rev., 1941, 29, 51), by 
Kharasch and Westheimer {/. Amer. Chem. Soc, 1946, 68, 1871), by Bennett, Brand, and 
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Williams (J., 1946, 869), by Norman Jones, Thorn, Lyne, and Taylor (Nature, 1947, 159, 163), 
and by Norman Jones and Thorn (Canadian J. Res., 1949, B, 27, 580), but for the most part on 
evidence less direct than that offered in the present group of papers (and, of course, in our 
earlier summarising publications, viz, Nature, 1946, 158, 448, 480, 514). A fuller account of 
the history will be found in a recent article by Gillespie and Millen (Quart. Reviews, 1948, 2, 277). 

(1.2.2) Preliminary Consideration of the Initial Proton Transfer —We shall allow our discussion 
of the proton transfers, which require to be associated with the above fundamental heterolytic 
process for the purpose of completing a representation of the reactions involved in the formation 
of the nitronium ion, to rest temporarily on general chemical arguments, reserving a more 

demonstration on the matter for treatment in Section (2.4.1) of this paper. 

Consider the following analogy. In the formation of an alkyl cation from an alcohol in 
strongly acid conditions, a proton uptake certainly precedes heterolysis. This is shown by the 
acid catalysis of those substitutions, olefin eliminations, and Wagner rearrangements of which 
the starting substances are alcohols. The heterolysis leading to R* thus takes place, not in 
ROH itself, but in the alkyloxonium ion R-OH,*, doubtless because the group ~OH,* attracts 
electrons much more strongly than the group~OH. We shall almost certainly be correct if we 
assume that, analogously, a proton uptake precedes the formation of the nitronium ion, the 
actual heterolysis taking place, not in the nitric acid molecule itself, but in the derived oxonium 
cation. The heterolysis of system (10) must be much more facile than that of system (9), and 
thus it is highly plausible that equation (10) should represent the actual route by which the 
nitronium ion is produced : 


QSG? <= OP OG 6s 2 0 he (10) 


The reactive entity on the left of this equation is a form of the nitric acidium ion, H,NO,’*. 
It may not be the most prevalent form, which possibly has a more evenly distributed 
arrangement of the protons; but all the prototropic forms will be in mobile equilibriam, owing 
to the rapidity of proton migrations in oxy-acids; and the form represented above will certainly 
be that most prone to the particular heterolysis which yields the nitronium ion. 

The proton which adds itself to a nitric acid molecule must be expected to come chiefly 
from the strongest acid present in sufficient quantity in the system. Hence the nature of the 
main process of proton transfer will be different according as there is, or is not, in the solution an 
acid which is stronger than nitric acid itself. Perchloric acid, sulphuric acid, and selenic acid 
are all stronger acids than nitric acid; and in the presence of a very strong acid, such as any of 
these, we may expect equilibria of the kind illustrated in equations (11) in the example of 
sulphuric acid 

HNO, + H,SO, H,NO,* + HSO,- 
H,NO,* NO, + H,O > (il) 
H,O + H,SO, H,O*+ + HSO,- / 


On the other hand, in the absence of any acid stronger than nitric acid, the latter will itself 
take on the role of proton donor; and the resulting equilibria will be as follows : 


HNO, + HNO, H,NO,* + NO,- 
H,NO,* NO,* + H,O . (2a) 
H,O + HNO, HNO,.H,O ) 


Equations (12) take into account the known fact that no transfer of protons occurs on any 
considerable scale from nitric acid to small concentrations of water, and that, with nitric acid in 
large excess, the water forms a hydrogen-bond complex of considerable stability (Chédin, 
Fénéant, and Vandoni, Compt. rend., 1948, 226, 1722; cf. Gillespie and Millen, loc. cit., p. 277). 

It has been shown that, in sulphuric acid, nitration is of the second order, that in nitric acid 
it is of the first order, and that in organic solvents it is still of the first order if the aromatic 
compound is sufficiently unreactive, but of zeroth order if the aromatic compound is sufficiently 
reactive. It has been made clear that the first three of these results could be accommodated 
to many theories of nitration, but that the fourth is sharply diagnostic of a 
heterolysis to the nitronium ion. However, the first three results are consistent with the same 
theory provided that due account is taken of the relative rates of formation and destruction of 
the nitronium ion in the different conditions 

In sulphuric acid, the nitronium ion is formed quickly and completely. Physical evidence 
concerning this is presented in accompanying papers (/., 1950, papers nos. 499 and 500). The 
second-order kinetics of nitration in sulphuric acid are a necessary consequence of this situation. 
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In nitric acid, the nitronium ion is still formed rapidly, but now only in small equilibrium 
concentration. This can be estimated in various ways to be of the order of 1%, as is shown in 
Section (2.4.2) of this paper, and in accompanying papers (/., 1960, papers nos. 504 and 510). It 
follows that the concentration of nitronium jon will remain constant during nitration in nitric acid, 
and that the reaction will thus exhibit first-order kinetics. In organic solvents, with nitric acid 
in constant excess, the situation is essentially the same so far as concerns the nitration of sufficiently 
unreactive aromatic compounds ; for even though the small equilibrium concentration of nitronium 
ion may now be established much more slowly than before, the rate of its establishment is still, 
by the use of a sufficiently unreactive aromatic compound, rendered much larger than the rate at 
which the formed nitronium ion is consumed by the aromatic compound. Once again, the 
nitroniom ion will be present in a stationary concentration, closely approximating to its 
equilibrium concentration, and first-order kinetics will result. But if, in those organic solvents 
in which the nitronium ion is only slowly formed, we nitrate a sufficiently reactive aromatic 
compound, this will immediately combine with the nitronium ion as the latter is produced. 
It follows that the rate of nitration will be equal to the rate of production of the nitronium ion, 
and this will be constant, if the nitric acid is in constant excess: thus the nitration will be of 
zeroth order. 

(1.2.3) Preliminary Consideration of the Nitration by the Nitronium lon.—The consideration 
of this process involves another problem concerning proton movements, which we shall here 
discuss in an introductory manner in preparation for the more careful treatment to be given in 
Section (3.2). Two main types of mechanism are conceivable, which are as follows. 

The first possibility is that, very quickly after the uptake of the nitronium ion, the aromatic 
proton is ejected into the solvent, there to be passed from molecule to molecule until it, or 
some proton displaced by it, eventually reaches its most stable situation in combination with the 
strongest available base. This is a two-stage process, of which the first stage is rate-determining. 
We may represent it by means of equation (13), calling it “ bimolecular ” since two original 
molecules are undergoing covalency change in the transition state of reaction : 


NO,” + Arlt 


H 


fast | 
— ArNO, +H } 


NO, 


In this mechanism the proton-loss has no kinetic significance: and there is no acceleration of 
the reaction by solute bases 

The second possibility may be developed from the same formula by regarding the first 
reaction as rapid and rapidly reversible, and by assuming that the resulting pre-equilibrium is 
followed by a slow, and therefore rate-determining, extraction of the aromatic proton by some 
sufficiently powerful base. Such a reaction may be called “ termolecular"’: whether the 
transition state is built up by successive bimolecular encounters, or by a single termolecular 
encounter, it will contain three original species all undergoing covalency change, viz., the 
nitronium ion, the aromatic molecule, and the necessary base (which might, ¢.g., be a hydrogen 
sulphate, or a nitrate ion). Writing B~ for the base, this mechanism may, for all kinetic purposes, 
be expressed by the single equation (14) : 


NO,* + ArH + B- — NO,Ar+ HB. —— 414 


This process is evidently base-accelerated ; and the proton-loss has in this case definite kinetic 
importance 
We shall later develop the thesis that for nitration by nitric acid in sulphuric acid, nitric acid, 
nitromethane, and acetic acid solvents, the “bimolecular” mechanism (13) prevails 
(ef. Section 3) 
(Discussion continued on p. 2419.) 


(2) Soture Ervecrs on Nirration Kiwetics: Mecuanism oF ForMATION OF THE 
Nirxonium Ion 


(2.0) Sigwificance of the Kinetic Effects of Solutes —This Section brings together our work on 
the kinetic effects produced by three added substances in particular, viz., sulphuric acid, 
potassium nitrate, and water. The reason for collectively treating the kinetic effects of these 
three solutes is that it is through their study that we have sought for evidence concerning the 
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nature of the reactions by which the nitronium ion is formed, on which nitration has been shown 
to depend. We may expect in this way to discover at what stage proton transfers enter into the 
process, at what stage nitrate jon appears in the sequence of changes, and at what stage water is 
produced, or, alternatively, such products as water would give by interaction with the medium ; 
and from this information we may expect to be able to reconstruct the sequence of reactions. 
Following the presentation of our results on the solute effects mentioned, a discussion will be 
given along these lines. 3 

There is a fourth solute the kinetic effects of which have been studied in some detail, viz., 
nitrous acid. Because this work tends in a different direction, it is described and discussed 
in a later Section. The principal unknown here was the constitution of the nitrous acid, and it 
is mainly on this problem that the kinetic evidence bears. 


(2.1) Observations on the Kinetic Effects of Sulphuric Acid. 


(2.1.1) Effect of Added Sulphuric Acid on Zeroth-order Rates of Nitration.Except for 
nitration in very strongly acidic solvents, such as sulphuric acid, and nitration in basic solvents 
such as water, the rule is general that small concentrations of added very strong acids, such as 
perchloric acid, sulphuric acid, or selenic acid, greatly increase rates of nitration. We have 
investigated this phenomenon quantitatively in the example of added sulphuric acid, treating 
both zeroth-order and first-order reactions. 

Small concentrations of added sulphuric acid strongly accelerate zeroth-order nitrations, 
without detectably disturbing their zeroth-order form, within the range of our observations. 
This has been established for the nitrations of benzene and toluene in nitromethane as solvent, 
with several concentrations of nitric acid, and in the presence of various amounts of nitrous 
acid. The observed forms of acceleration are somewhat dependent on the proportion of nitrous 
acid present. Such forms are illustrated by reference to two series of experiments in Table VI. 
The rate constants of the first series are plotted as a function of the concentration of the added 
sulphurvc acid in Fig. 7. 

Taste VI. 
Effects of added sulphuric acid on zeroth-order rate constants (k, in sec~' ¢ -molj-") for 
mitrations by mitric acid im nitromethane. 
[HNO,) « 30m. Temp. = — 10-0° 
HAr),. (HNO,). [H,SO,). 10%,. Expt. HAr. [HAr),. (HNO, (H,SO,) 


0115 00034 none . PhH O115 60034 60320 
- - os oe o 0 0-0424 
06-0053 ues * 2 04452 

0206 


00144 
0-0418 


0-150 00793 none PhMe ©6150 ©0793 60631 


0.0842 


When the nitrous acid is present in quantities greater than, or about equal to, the quantity 
of added sulphuric acid, it notably reduces the accelerative effect of the latter. This can be 
seen by comparing the rate constants of Series B in Table VI with those of Series A. It would 
appear that nitrous acid, if not too dilute, is able largely to destroy the catalytic effect of an 
amount of sulphuric acid comparable to its own amount. However, nitrous acid, when present 
in quite dilute solution, and in quantities considerably smaller than the quantities of added 
sulphuric acid, has no significant influence on the kinetic effect of the latter; and it is in these 
conditions that the linear relation appears, which is illustrated in Fig. 7. Although the quantity 
of nitrous acid, in the experiments here represented, is too small seriously to influence the rates 
obtained in the presence of sulphuric acid, it is sufficient to reduce the rates in the comparison 
experiments without added sulphuric acid by about one-third. However these rates are so 
small in comparison with the catalysed rates that the effect mentioned does not upset the 
genera] linearity shown. 

A similar plot of the results of Series B would furnish a curve, which, as compared with the 
curve of Fig. 7, is much more nearly horizontal, and is distinctly concave to the rate axis. This 
illustrates the effect of increasing the concentration of nitrous acid. It can be understood on the 
basis that nitrous acid inactivates a certain amount of sulphuric acid by reacting with it, nearly 
completely when the acid is in deficit, but only partly when the acid is in excess. 
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Therefore we take the most significant result of these experiments to be the linear catalysis 
iustrated by Series A. Two factors probably contribute to the simplicity of the result: one is 
that the concentration of added sulphuric acid is small; and the other is that the total catalytic 
effect is large, i.«., that the catalysed rates are many times larger than the uncatalysed. 

The sensitivity of the reaction to catalysis by sulphuric acid may be specified by stating 
that a 0:001m-concentration of the acid doubles the rate. This figure assumes the absence of 
disturbances by nitrous acid, a correction having been applied for the effect of nitrous acid on 
the rate of the uncatalysed reaction in the experiments of Series A. 

(2.1.2) Effect of Added Sulphuric Acid on Firt-order Rates of Nitration.—Like zeroth-order 
nitrations in nitromethane, first-order nitrations are accelerated notably by small concentrations 
of added sulphuric acid, without detectable disturbance to the kinetic form of the reaction. 
has been found that in all qualitative respects the effect of sulphuric acid on first-order reactions 
is closely parallel to its effect on zeroth-order reactions under similar conditions 

Considerable quantitative differences appear in the effect as it applies to first-order nitrations 
with nitric acid as both solvent and reagent. In these conditions there are no known zeroth- 
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order reactions for comparison. In illustration of the effect, we give in Table VII a series of first- 
order rate constants for the nitration of |-nitroanthraquinone in nitric acid, with and without 
added sulphuric acid. 

Taste VII. 


Effect of added sulphuric acid on first-order rate constants (k, im sec-*) for the nitration of 
l-nitroanthraguinone in nitric acid at 20°0°. 

Expt. €,,H,O,N),. (HNO, H,S0, 10%..." Expt. (C,,H,O,N),. (HNO, H,SO,). 10%,. 
svi oowel 0-0055 none 24s 575 00235 00-0065 0-176 419 
572 00-0263 00085 044 263 576 00255 00-0150 0-201 431 
4573 oom. O-c9H) 0-101 s08 577 0-0260 0-0070 0-234 503 
ove 00252 00-0097 147 343 


In these experiments the influence of nitrous acid is small enough to be neglected. A plot 
of the rate constants against the concentration of sulphuric acid is shown in Fig.8. Evidently, 
added sulphuric acid accelerates the reaction. But in proportion to the uncatalysed rate, the 
observed accelerations are much smaller than those found for nitrations in nitromethane, when 
in this solvent effects of nitrous acid may be neglected. In particular, the concentration of 
sulphuric acid which is required in order to double the rate in nitric acid is 0°23m., i.¢., it is about 
200 times greater than in the experiments in nitromethane already quoted 

As Pig. 8 shows, the accelerations observed in solvent nitric acid are far from linear. The 
sensitivity of the reaction to the catalysis is small at low catalyst concentrations, but it rises as 
the concentration of sulphuric acid increases. In the upper part of the investigated range of 
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effects due to the dilution of the sulphuric acid, until the catalysed reaction were 
faster than the uncatalysed, then the total curve would be linear over nearly all its 
the curve in Fig. 7; and that, if the magnified lower extremity of the curve of Fig. 7 
investigated sufficiently minutely, ee a ee ere 
the curve of Fig. 8. We shall discuss these assumed relationships later [Section (2.4 


(2.2) Observations on the Kinetic Effects of Nitrates. 

(2.2.1) The General Salt Effect and the Specific Nitrate Ion Effect.—-Exploratory 
have shown that an appreciable genera] salt effect influences both zeroth- and first-order 
nitration in nitromethane. The effect is exerted typically by the alkali-metal salts of very 
strong acids—salts such as potassium perchlorate and hydrogen 
effect is accelerative, as we should expect if it be a primary salt effect, bearing in mind the 
general between primary salt effects and solvent effects, and the known direction of 
the solvent influence on nitration rate. However, this salt effect is small; in particular, it is 
smal] enough to be neglected in comparison with the specific salt effect next to be mentioned. 

The specific effect has been established for a number of alkali-meta! and ammonium nitrates 
It consists in a strong negative catalysis. It has been observed to influence both zeroth-order 
and first-order nitrations, without detectably disturbing the kinetic form of either. This 
anticatalytic behaviour seems to be specific to nitrates; and the cation of the salt appears to 
have very little concern with the effect, which we presume to originate in the nitrate ion itsel! 

Data for some of the exploratory runs are given in Table VIII: they refer to the zeroth 
order nitration of toluene in nitromethane. Though the disturbances caused by the nitrous 
acid are not inappreciable, the figures given suffice to show the direction and relative magnitude 
of the two salt effects. They show, for instance, that whilst the increase of rate produced by 
-0lm-potassium perchlorate is only just detectable, a similar concentration of lithium or 
potassium nitrate will reduce nitration rate by factors of the order of one-half. 


Taste VIII 


Effects of certain salts on the zeroth-order rate constants (k, in sec.~* g.-mol.J.~*) of nitration of 
toluene in mitromethane 
HNO,) = 70m. Temp. = — 10-0° 

Expt. [HNO,). (C,H,),. Salt. (Salt), 10%, Expt. [HINO,). (C,H,),. Salt. (Salt), 10%, 

202 00046 0-100 none 9-78 206 «400043 «40003 «=LINO, 00084 602 

204 * KCIO, 00107 10-30 212 00070 KNO, 00123 430 

207 * KNO, 00065 6-58 

In the course of our work on the kinetics of nitration in acetic acid, we made an attempt to 

eliminate the disturbing effect of nitrous acid by the addition of urea. Since nitrous acid 
depresses nitration rates, the expectation was that the addition of urea would lead to a larger 
rate. Actually it led to a smaller rate, as is shown in Table IX. We concluded that urea nitrate 
was producing an anticatalytic effect stronger than that of the original nitrous acid. It was 
clear that the effect must be powerful, because urea nitrate is only slightly soluble in acetic acid. 
We assume the effect to be due to the nitrate ion. 


Tasie IX. 
Effect of urea nitrate on first-order rate constants (k, im sec.~*) for the nitration of benzene in 
Expt (HNO,). (HNO,). (C,H), Temp CH,O,Y, 
401 78 0-0013 0-10 0-0" none 
400 * none * * saturated 


Acetic acid is a poor solvent for alkali-metal nitrates. In the more detailed study of the 
nitrate-ion effect now to be described, we therefore investigated nitration in nitromethane, or in 
nitric acid itself, finding them more convenient than acetic acid as solvents for the salts employed. 

(2.2.2) Effect of Added Potassium Nitrate on Zeroth-order Rates of Nitration.-The form of 
the effect of added potassium nitrate on the rate of a zeroth-order nitration may be illustrated 
by the block of experiments recorded in Table X, which relates to the nitration of toluene by 

7@ 
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Tu-nitric acid in nitromethane. The disturbances caused by the smal] amounts of nitrous 
acid, which were present in the solutions, are negligible in relation to the effect under observation. 
The anticatalytic effect of the potassium nitrate is evidently powerful, a 0-004m-con 

being sufficient to halve the reaction rate. 





Taste X. 
Effect of added potassium nitrate on the zeroth-order vale constants (k, im sec.~'g.-molj-*) for 
the nitration of toluene im mitromethane. 
[HNO,) «= Tm. [HNO,) « 0-0013-—0-0024m. (extreme values) 
(C,H), a 000M Temp. ~ — 10° 
(KNO,) 10*A, Expt. (KNO,). 10%, Expt. (KNO,). 
hone 5-85 bee 0-02312 , 587 01124 
2 885 Sab 0-02702 ° Sas 00-2790 
0 00346 47% 586 0.04306 589 0-6302 
© GO587 SAL 
A plot of the reciprocal of the rate against the concentration of the added salt is shown in 
9. The reason for choosing this particular form of graphical representation will be 
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explained later. The results are consistent with the idea, to which other groups of experiments 
point more definitely, that in the low concentration range the effect of the added salt on the 
reciprocal of the rate is asymptotically linear. 

Added water is well known to reduce nitration rates. The broken line near the bottom of 
the diagram represents the effect of replacing the added potassium nitrate by its molecular 
equivalent of added water. It will be seen how much more sensitive the rate is to potassium 
nitrate than it is to water. We shall return to this poit later [Section (2.4.1)) 

(2.2.3) Effect of Added Potassium Nitrate on First-order Rates of Nitration.—The form of the 
effect of added potassium nitrate on the rate of a first-order nitration is illustrated by the block 
of experiments recorded in Table XI. They relate to the nitration of p-dichlorobenzene by 


Taste XI 
Effect of added potassium witrate on the first-order rate constants (k, in sec.~*) for the nitration of 
p-dichlorobenzene in nitromethane 
HNO, Siu. (H,O, = O3m. (C,.H,Cl.), ~ 010m. HNO, ~ 0-005m. Temp. = 20-0°. 
Expt (KNO, Expt KNO, 10%, Expt [KNO, 102 , 


wl none 303 0.0250 193 306 0.0606 111 
wr 0.0100 Bd oosa 164 305 00-0809 7 
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means of 8-6s-nitric acid in nitromethane. The disturbance caused by the nitrous acid present 
in these experiments is negligible in relation to the effect under observation. 

The relation between the reciprocal of the first-order rate constant and the concentration of 
the salt is shown graphically in Fig. 10. The result is somewhat similar to that obtained in the 
corresponding representation of zeroth-order rates shown in Fig. 9; but there are two differences. 
For the first-order reactions, the linear relation between the reciprocal of the rate-constant and 
the concentration of the salt holds up to a larger salt concentration, viz, 005m. Also the 
sensitivity of the first-order reactions to the effect of nitrates is smaller, a salt concentration of 
O-Olm. being needed to halve the rate constant. 

When the concentration of the nitric acid is increased until the acid is essentially the solvent 
as well as the nitrating agent, the nitration rates are stil] reduced by added potassium nitrate, 


Pie. 11. Pro. 12. 
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but the quantitative aspect of the effect is changed. Some data referring to first-order nitrations 
ot nitrobenzene in nitric acid are given in Table XII. 


Taste XII. 


Effect of added potassium nitrate on first-order rate constants (k, im sec.~*) for the nitration of 
in nitric acid. 
[H,O), = 25m. [HNO,) = 002m. [CJHO,N), — 0215m. Temp. — 00". 
Expt (KNO,) : Expt. {KNO,). 10%. 
o-110 530 


114 533 
O24 411 


In these experiments the influence of nitrous acid is negligible in comparison with that of 
potassium nitrate. This effect is, however, smaller by factors up to 80 than those shown in the 
preceding illustrations, a salt concentration of 031m. now being necessary in order to halve the 
first-order rate constant. Moreover, as Fig. 11 shows, the plot of the reciprocal of the rate 
constant against the concentration of potassium nitrate is far from linear in the low concentration 
range, although it seems to become asymptotically linear at the higher salt concentrations. 

There are obvious resemblances between this reciprocal-rate curve for the anticatalytic 
effect of potassium nitrate, and the rate curve of Fig. 8 for the catalytic effect of sulphuric 
acid, on nitration in nitric acid. It is probably not accidental that the reciprocal-rate curve of 
Fig. 11 turns to meet the reciprocal-rate axis in the same concentration range as that in which 
the rate curve of Fig. 8 turns to meet the rate axis; that both curves converge towards straight 
lines through the origin in the higher concentration region; and that the concentration of 
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anticatalyst required to halve the rate of the anticatalysed reaction is nearly the same as the 
concentration of catalyst necessary to double the rate of the catalysed reaction. 

In nitromethane solution also close similarities can be found between the effect of potassium 
nitrate on the reciprocal of the rate of nitration and that of sulphuric acid on the rate of nitration. 
Both effects apply to zeroth-order and first-order reactions alike, without disturbance to the 
reaction order; both effects have certain ranges of linearity; and both decrease in intensity 
with increasing concentration of nitric acid. At a given concentration of nitric acid, the 
concentration of potassium nitrate required to halve the rate of nitration is always of the same 
order of magnitude as the concentration of sulphuric acid needed to double the rate of the same 
nitration. Thus the necessary concentrations of potassium nitrate or of sulphuric acid increase 
by similar factors, each about 10°, as the concentration is increased trom the lowest employed 
in these experiments, viz., 7m., up to that of pure nitric acid, viz, 24m. These analogies will be 
discussed later (Section (2.4.2)) 


(2.3) Observations on the Kinetic Effects of Water. 


(2.3.1) Effect of Added Water on Zeroth-order Rates of Nitration.—Added water depresses the 
rates of zeroth-order nitrations, as is illustrated, for the nitration of toluene in nitromethane, in 
Table XIII. Even the largest of the investigated additions of water appeared to create no 
disturbance in the zeroth-order form of the reaction. 


Taste XIII. 


Effect of added water on the seroth-order rate constants (kg in sec ~‘g.-moil1-*) of nitration of 
toluene im nitromethane. 

HNO, 70m. (HNO,) = 060013-.0-0024m. (extreme values). (C,H,), ~ 000". Temp. —100 
haupt [H,0},.° . Expt [H,0),.° 

Sel 24 — 

Set - 4 595 0- 1633 

5y2 . 596 0-3122 

53 00179 

* [H,O), relates to initially added water; extra water is, of course, produced during the nitration 


In these experiments the influence of the nitrous acid is small in comparison with the effect 
under observation. This effect is exhibited in Fig. 12, in the form of a plot of the reciprocal 
of the rate against the initial concentration of water. The short horizontal line represents the 
approximate amount of extra water which is produced during the runs. If in the construction 
of the graph we had used average, instead of initial, water concentrations, all the points, and 
the line drawn through them, would have been shifted to the right by half this length. This 
would not affect the conclusion that the reciprocal of the rate is a linear function of the 
concentration of the water 

The anticatalytic effect of water is evidently very weak in comparison with that of nitrate 
ions. Thus a concentration of 0-ém. of added water is required to halve the rate of this reaction, 
whereas the same can be done by a concentration of only 0°004m. of added potassium nitrate 
The line representing the water effect in Fig. 12 was reproduced on the appropriate scale in 
Fig. 9, for comparison with the graph there shown of the nitrate ion effect 

(2.3.2) Affect of Added Water on First-order Rates of Nitration—Added water exerts a 
retarding influence also on first-order rates of nitration; and it does this without detectably 
disturbing the kinetic order of the reaction. This effect is illustrated with reference to the 
nitration of nitrobenzene in pure nitric acid, with and without added water, by the figures in 
Table XIV 

Taste XIV 
Effect of added water on the first-order rate constants (k, im sec.~*) of nitration of nitrobenzene in 
nitric acid. 
C,H,O.N), « 6070-126. (extreme values). [HNO,) « 0-040m. Temp - is. 
Expt ee) : H,0},.° 10*2, : (H,0),.° 

om ‘ 0-891 27 242 

405 1-45 204 3-19 

or ; 2-10 157 


* (H,O), relates to water initially added mF ray nitric acid, which at T° c. has the density 
1.5300 —"0-G0147, and is therefore 24-68. at —13-3° 





(1950) Mechanism of Aromatic Nitration. Part II. 2419 


The kinetic influence of the nitrous acid present in these experiments is negligible in relation 
to the effect under observation. This effect of the water is shown graphically in Fig. 13, which 
exhibits a plot of the reciprocal! of the rate constant against the concentration of added water. 
The amounts of extra water produced by nitration are 
indicated, as lower and upper limits, by the two short, 
horizontal lines on the diagram. In a corresponding 

graph relating to average, instead of to initial, water * 
concentrations, the points would be shifted to the right — 
of the points shown by distances within the range of 
the half-lengths of these two lines. n 

We have not been able to find any simple function 
of obvious chemical significance to fit this curve, which 
appears to steepen continuously as the water concen- 
tration increases. It does so especially rapidly at 
concentrations around 2°2™., which, as we shall notice # 
later [Section (2.4.2)}, is critical in another connexion. 

The anticatalytic effect of water on nitration in 
nitric acid is evidently weak, a water concentration of 
i-2u. being needed to halve the rate constant. The 
intensity of the effect is thus of the same order of 
magnitude as that of the retardation caused by potas- 
sium nitrate in the same medium. This similarity of 
magnitude forms a contrast to the quite different orders 
of magnitude of the retarding influences of water and 
nitrate ions, as they affect zeroth-order nitrations in aT 7 
nitromethane. We shall comment on this later [Section lo 
24. 
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(2.4) Discussion (Part 2): Effects of Some Solutes ; Mode of Formation of the Nitronium lon 
(continued from p. 2412). 
(2.4.1) Effects of Strong Acids, Nitrates, and Water: The Nitric Acidium Ion.—The following 
results require consideration. (1) Added very strong acids, such as sulphuric acid, accelerate 


both zeroth-order and first-order nitration, without changing the reaction order, the rate 
varying nearly linearly with the concentration of the added acid within certain ranges (cf. Figs. 7 
and 8). The effect is strong for nitrations in nitromethane, but much weaker for nitrations in 
nitric acid; and in the latter case considerable deviations from linearity occur at low 
concentrations of added acid. (2) Added nitrates, such as potassium nitrate, retard both 
zeroth-order and first-order nitrations, without changing the kinetic form, the reciprocal of the 
rate varying nearly linearly with the concentration of the added nitrate within certain ranges 
(cf. Figs. 9, 10, and 11). The effect is strong for nitrations in nitromethane, but much weaker 
for nitrations in nitric acid. In the former case deviations from linearity set in at the higher 
concentrations of nitrate, whilst in the latter the chief deviations occur at the lower 
concentrations of added nitrate. (3) Added water retards both zeroth-order and first-order 
nitrations, without changing the reaction order, the reciprocal of the rate varying nearly 
linearly with the concentration of water, within certain ranges (cf. Figs. 12 and 13), In 
comparison with the strong effects already mentioned, the effect of water is weak, as well for 
zeroth-order nitrations in nitromethane as for first-order nitrations in nitric acid. In the latter 
case marked deviations from linearity appear. 

From these results we first select for consideration the strong effects, which most plainly 
indicate the general character of the interpretation. These effects are the acceleration by 
very strong acids, and the retardation by nitrates, of nitrations in nitromethane, always 
without disturbance to the reaction order. The accelerations show that a proton uptake by 
nitric acid is necessary to the formation of the nitronium ion. The retardations show that a 
nitrate ion is eliminated in a reaction leading to the nitronium ion, and that the reaction in 
which it is eliminated can be driven backwards by added nitrate ion. 

One of these strong effects is particularly significant: it is that zeroth-order nitration is 
strongly retarded by nitrate ion, without losing its zeroth-order character, This immediately 
shows that the formation of the nitronium ion, which is the rate-determining stage of zeroth- 
order nitration, itself consists of two stages; for some reaction-stage in the production of the 
nitronium ion, namely, the stage in which a nitrate ion is eliminated, must be reversible. But 
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another stage, namely, the final stage in the production of the nitronium ion must be effectively 
irreversible; for the essence of the interpretation of zeroth-order nitration is that none of the 
formed nitronium ion goes beck into what it came from, all being consumed in the nitration 
of the aromatic compound. If we should try strongly to depress nitration rate by reversing 
the formation of the nitronium ion, we should inevitably convert a zeroth-order reaction into a 
first-order reaction. 

These few facts thus determine the mechanisms written below for the formation of the 
nitronium jon, as measured in zeroth-order nitrations, with or without catalysis by such strong 
acids as sulphuric acid, and with or without anticatalysis by the nitrate ion. For the formation 
of the nitronium ion in zeroth-order nitrations catalysed by sulphuric acid, we have the following 
equations 

HNO, + H,SO, == H,NO,* + HSO,-) as) 
H,NO,* -——» NO,* + H,O } 


For the formation of the nitronium ion in the absence of a catalysing acid, we have a corre- 
sponding expression, which automatically “ takes care” of the retardation by nitrate ion : 


HNO, + HNO, == H,NO,* + NO,- } * 

H,NO,* —» NO,* + H,O (ae) 
In each case, the second reaction-s.age is expressed irreversibly, as is appropriate to zeroth- 
order nitration. For sumplicity, the formed water is shown as free water, though we know that 
it becomes largely linked with nitric acid as the hydrate of nitric acid (cf. Gillespie and Millen, 
loc. ert.) 

The observations cited thus provide the first definite demonstration of the formation of 
the mirie acidium ion, H,NO,*. They show at the same time that, side by side with the 
nitronium ion, this ion is ineffective for nitration in the conditions investigated 

Equations (15) and (16) represent the rate of formation of the nitronium ion, i.¢., the zeroth- 
order nitration rate, a8 proportional to the equilibrium concentration of the nitric acidium ion 
Thus the equations require, given certain simplifying conditions mentioned below, that 
sulphuric acid should produce a linear increase of rate, and that potassium nitrate should bring 
about a retardation corresponding to a linear increase in the reciprocal of the rate. The fact 
that we find such linear effects in certain ranges, and no signs of the corresponding quadratic 
effects, shows that only one proton is absorbed into, and only one nitrate ion is eliminated from, 
the system out of which the nitronium ion is directly generated. Thus the cation involved in 
the pre-equilibrium is H,NO,’, as represented, and is not H,NO,**; for the formation of this 
bivalent ion would involve the intake of two protons and the elimination of two nitrate ions, 
and therefore should lead to quadratic, rather than the linear, catalytic and anticatalytic effects. 

An obvious condition for linearity of the catalysis by sulphuric acid is that the process by 
which the nitronium ion is formed should essentially be that of equations (15) only, not 
4 mixture of the processes of equations (15) and (16) in comparable proportions. This condition 
will be fulfilled if, as in our experiments on catalysed zeroth-order nitration, the catalysis is 
strong, t«., if tne catalysed rate is many times larger than the uncatalysed rate. A necessary 
condition for the expected linear effect in the anticatalysis by potassium nitrate is that the salt 
should be fully dissociated into ions having the normal type of activity coefficient ; and it is to the 
failure of this condition in nitromethane that we attribute the marked falling off in the specific 
anticatalytic effect of the salt at the higher concentrations investigated 

In the approximation to which the above treatment is carried, added water has no effect on 
zeroth-order nitrations; that is, it has no kinetic effect comparable in magnitude to the effects 
of strong proton-donors or of nitrates. This is consistent with equations (15) and (16), in 
which water appears only in the irreversible part of the process; nitrate ion is formed, but no 
water is formed, in the one reaction-stage which, in zeroth-order nitration, can be driven 
backwards 

However, when we begin to take account of the finer details of the experimental investigation, 
we have to deal with the position that added water does depress the rate, although its specific 
kinetic effect is some hundreds of times smaller than those of nitrates or strong acids. This 
effect is not due to a small reversibility of the second reaction-stage expressed in equations 
(16); for by adding enough water, we can reduce the rate considerably, ¢g., to one-third or 
one-quarter of its original value, without detectably disturbing the zeroth-order form of the 
reaction. Taking account of this, and also of the observation that the kinetic effect of water is 
essentially linear with respect to the reciproce] of the rate, we infer the existence of a second 
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process of destruction of the nitric acidium ion in a reversible reaction—one which is formally 
similar to, but much less important than, the reversible reaction-stage of equations (16). The 
chemical nature of this second reversible reaction is determined by the requirement that the 
products of the forward process must be nitric acidium ion and water. It may be represented 
as part of an alternative route to the nitronium ion, viz., the following : 
HNO, + H,O* ==> H,NO,* ay an 
H,NO,* — > NO,’ + HO 
Here the equilibrium in the first reaction-stage must lie so far over to the right that the water 
normally formed in the reactions of equations (16) destroys very little of the nitric acidium ion, 
and thus produces only minute concentrations of hydroxonium ion. But when consilerably 
more water is added to the system, then the reversible stage of process (17) retrogresses to a 
significant extent, reducing the stationary concentration of the nitric acidium ion, and therefore 
reducing the rate of formation of the nitronium ion. The linearity of the effect of water on the 
reciprocal of the rate is evidently accommodated by equations (17). 

It will be obvious that, if we should add yet much more water, we must eventually produce a 
reversal of the second stage of these processes, with the result that zeroth-order kinetics will go 
over into first-order kinetics. Such a kinetic conversion has not been followed in detail,* 
though the results of a completed conversion of this type have been studied, as is reported in the 
next paper (Part IIT). 

In first-order nitration, in contrast to zeroth-order nitration, the re-hydration of the 
nitronium ion has to be considered as rapid in relation to the reaction of nitronium ion with 
the aromatic compound. The discussion of these nitrations can therefore be based on a 
summarised representation of the processes leading to the nitronium ion. In this representation 
the two stages of each of the processes (15), (16), and (17) are combined, the total process being 
treated as reversible. Thus, for the reactions catalysed by sulphuric acid, we have the following 
equilibrium :; 

HNO, + HSO, — NO,+HSO-4+HO. . .. . (18) 
In the absence of a catalysing acid, the principal equilibriam will be the following, which takes 
account of the anticatalysis of first-order nitrations by nitrate ions : 


HNO, + HNO, =2 NO,*+NO,-+HO ..... « (19 


There will be another reversible process of some importance in the presence of considerable 
quantities of water, namely, the following : 


HNO, +H,O* w= NO,*+23H,0 ... . . (20) 
We are still representing the water as free for simplicity, although we know that in nearly pure 
nitric acid most of it is combined as a hydrate of the acid. 

Since in first-order nitration the nitronium ion is maintained in a stationary concentration, 
to which the first-order rate constant is proportional, we must expect the first-order constant to 
be increased linearly by added sulphuric acid, and decreased so that its reciprocal is increased 
linearly by nitrate ions—always provided that certain simplifying conditions are satisfied. 
These conditions are the same as for zeroth-order nitration, with the additional requirement 
that, while the effect of nitrate ion is being studied, the water should be in constant excess. The 
expected influence of water is rather complicated, partly because an inverse quadratic effect is 


water, up to 5% by weight, to the acetic acid solvent, 
to first order, in accordance with expectation. 
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Perhaps the main interest attaching to the experiments concerning solute effects on first- 
order nitrations relates to what happens when the conditions necessary for the linear relations 
are not fulfilled—as, generally, they are not for nitration in nitric acid itself. We proceed to 
consider this matter 

(2.4.2) Further Effects of Acid, Nitrate, and Water: The Self-ionisation of Nitric Acid.— 
Most of the non-linear effects which have been observed in connexion with the kinetic influence 
of these solutes on nitrations with nitric acid as both solvent and reagent can be understood on 
the basis that pure nitric acid is considerably self-ionised in the sense of equation (19). The 
self-ionisation is much greater than when the nitric acid is present in organic solvents. The 
effects to be expected from a substantial self-ionisation are readily deduced 

For example, when, by an addition of sulphuric acid, nitronium ion is produced by reaction 
(18), the new nitronium ion will destroy some of the old nitronium ion by repressing equilibrium 
(19): thus the two sources of nitronium ion will not behave additively, and the catalysis will 
not be linear. But if the added sulphuric acid has generated enough nitronium ion to suppress 
to insignificance its production in the original equilibrium (19), then the introduction of further 
quantities of sulphuric acid will yield nearly additive increments of nitronium ion, and so the 
catalysis will asymptotically become linear. Departures from linearity are marked up to a 
concentration of sulphuric acid of about 02m; and hence we may conclude that the production 
of nitronium ion by equilibrium (19), in pure and nearly pure nitric acid, is of the order 
of O- 2m. 

A similar effect arises in anticatalysis by metallic nitrates. The immediate result of the 
introduction of an ionised nitrate will be to repress equilibrium (19), thus reducing the production 
of nitrate ions by the original method : hence the two sources of nitrate ions will not operate 
additively, and the total nitrate ion will not increase linearly with the amount of added nitrate. 
This means that, even if the water concentration is buffered, as it was in the relevant experiments, 
the reciprocal of the concentration of nitronium ion, and therefore the reciprocal of the first- 
order rate constant, will not increase linearly with the added metallic nitrate. Only when the 
amount of added nitrate is greater by several fold than the amount of nitrate ion originally 
produced by the self-ionisation, will further additions of nitrate linearly increase the total 
concentration of nitrate; and only then will the effect of the added nitrate on the reciprocal 
of the first-order rate constant asymptotically become linear. A consideration of the range of 
concentrations over which marked deviations from linearity occur in the anticatalytic effect of 
added nitrate allows us to estimate that the concentration of nitrate jon originally produced by 
the sel{-ionisation of nitric acid is of the order of 02m. This estimate is consistent with that 
given above for the concentration of nitronium ion in self-ionised nitric acid, and also with the 
physical evidence concerning the self-ionisation of nitric acid which is presented in accompanying 
papers (/., 1960, papers nos. 504, 505) 

It seems possible to conclude from the kinetic results that potassium nitrate is fully ionised 
up to much greater concentrations in nitric acid than it is when nitromethane is the main 
constituent of the solvent 

The reason for the much smaller sensitivity of nitration in nitric acid, than of nitration in 
nitromethane, to catalysis by sulphuric acid, and to anticatalysis by metallic nitrates, will 
be clear. Pure nitric acid already contains so large a concentration of nitronium ion that a 
considerable addition of sulphuric acid is required to double it, and thus to double nitration rate ; 
and a considerable addition of nitrate is required to halve it, and thus to halve nitration rate. 
The equilibrium concentration of nitronium ion in nitromethane solutions containing nitric 
acid » much smaller, and therefore proportionately considerable changes can be effected by 
means of much smaller additions of sulphuric acid or of nitrates. It can be estimated that the 
equilibrium concentration of nitronium ion in, for instance, 8:5m-nitric aid in nitromethane is of 
the order of 0-O001m 

The reason why, in the various concentrations of nitric acid that have been used for nitrations 
in nitromethane, and also in nitric acid itself, the concentration of sulphuric acid required to 
double the rate is always of the same order of magnitude as the concentration of ionised nitrate 
needed to halve the rate will also be clear. It is simply that, in all conditions, apart from 
aqueous conditions which are the subject of another paper (Part III), comparable concentrations 
of nitroniam ion and of nitrate jon are produced by the self-ionisation of nitric acid 

Comment may be made on the kinetic effect of water on first-order nitrations in nitric acid 
The experimental! result that the sensitivity of first-order nitrations towards anticatalysis by 
water is of the same order of magnitude as their sensitivity to anticatalysis by nitrates is in 
obvious agreement with the form of equation (19). However, there are several factors which 
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render consideration of the water effect quantitatively more complicated than that of the effect 
of nitrates. 

For, first, except at quite low water concentrations, equilibrium (20) will probably have 
some importance, along with equilibrium (19), in fixing the stationary concentration of 
nitronium ion. Secondly, the concentration of nitrate ion is not only not buffered as the water 
concentration is varied: it will inevitably change with the water content, and will do so in 
a rather complicated way; for, on the one hand, water will destroy nitrate ion by equilibrium 
(19), and, on the other, it will produce nitrate ion by equilibrium (21); and thus, as water is 
progressively added, the concentration of nitrate ion must pass through a minimum—as, indeed. 
the electrical conductivity is known to do at a concentration about 22u. of water (Veley and 
Manley, Proc. Roy. Soc, 1896, A, 191, 365; Reed, unpublished work). The third 
source of complication is that much of what we call water is present in a bound form, as nitri 
acid hydrate 

HNO, +H,O — NO +HO* . . . (20) 


It is difficult to assess the importance of the third of these effects, but on account of the 
first two we would expect the reciprocal of the first-order rate constant to increase with the 
water concentration according to a continually steepening curve. This is what is found, as 
Fig. 13 shows. It is probably significant that the steepening becomes sharp suddenly at water 
concentrations around 2°2m.; for this is the concentration which corresponds to the electrical! 
conductivity minimum, and presumably corresponds approximately to the water concentration 
beyond which the content of nitrate ions begins to increase. 


(Discussion continued on p. 2426.) 


(3) Meprum Errecrs on Nirration Kixetics: Mops oF Action or tHe 
Nrrroxtrum low. 


(3.0) Significance of the Study of Solvent Effects. The observations to which attention will 
now be directed relate to solvent effects on rates of nitrations of different kinetic order, and 
on the kinetic order itself. The study of this subject is one of the ways in which we may 
discover the details of the last stage of the nitration process, viz., the attack by the nitronium 
ion on the aromatic molecule. 

The basis of the method is contained in the general theory of solvent effects on reaction rate 
(Hughes and Ingold, ]., 1935, 244; idem et al., J., 1948, 2043). A knowledge of the effect of 
solvent polarity, or ion-solvating power, on rate will tell us at once whether ions are formed or 
destroyed in the rate-controlling stage: polar solvents strongly accelerate reactions which 
generate ions and strongly retard those which consume ions. These are gross effects: if they 
are absent, a considerably weaker effect may sometimes be observed. It arises when an 
initially localised ionic charge becomes spread by mesomerism in the transition state of reaction ; 
and it takes the form of a small retardation by polar solvents (for some illustrations, see 
Table III in the second of the papers cited above) 

In the example of nitration, we can, by changing the reaction order, make rate-determining 
either the formation of the nitronium ion or its attack on the aromatic molecule. Hence, by 
studying solvent effects on nitrations of different orders, we can obtain the information indicated 
for each of the above stages, in particular, for the latter stage, which is now our main interest. 

Our experiments on this part of the subject relate to the solvents acetic acid and nitro- 
methane. But we shall be able to extend the conclusions thus derived to cover in a consistent 
way all that is known of medium effects on nitration in nitric acid and in sulphuric acid 


(3.1) Observations on Medium Effects. 


(3.1.1) Effect of Nitric Acid Concentration on Nitration Rate in Organic Solvents.—Alike in 
Benford and Ingold’s experiments on nitration in nitromethane, and in those now reported on 
nitration in this solvent and in acetic acid, the nitric acid has always been employed in a 
concentration sufficient to render it an important constituent of the solvent. 

For nitration in nitromethane, Benford and Ingold found that the zeroth-order rate constants 
of benzene and more reactive aromatic hydrocarbons increased as the fifth or sixth power of 
the nitric acid concentration over the range of their observations. For the mixed-order 
reactions of the hal . no rate constants could be extracted from the kinetic 
observations, but the curvilinear rates themselves increased notably with the acid concentration. 
For the same solvent, nitromethane, we now find that the first-order rate constants of nitration 
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of p-dichlorobenzene, and other substituted benzenes of considerably reduced reactivity, also 
increase steeply with the concentration of nitric acid. Furthermore, we find all these effects 
themselves in nitrations with acetic acid as the solvent. Some comparisons showing 
the effect of nitric acid concentration on zeroth-order and first-order rates in nitromethane, and 
im acetic acid, are given in Table XV. The experiments of cach pair are so selected that the 
kinetic effect of nitrous acid, when not entirely negligible, is at least closely similar in the cases 
compared. 
Tastz XV. 
i flect of concentration of mitric acid on vate constants for mulration im organic solvents. 
(Zeroth-order constants, &,, in sec.“* g.-mol. i; first order constants, 4,, in sec.*.) 
Expt.* Order HAr Temp fHNO,). fHNO,. 
Solvent : Nitromethane ; 
; = Zeroth C,H, 5 : poof 


io First pC, H,Cl, ; oso 


0-0269 
Solvent ; 99-8% Acetic acid : 
“)} Zeroth pC, Me, 200 4 oon 
tal 


ans First p-C,1,, 20.0 Senne * 4 


* The numeral I distinguishes the experiments of Benford and Ingold’s series (Part I, Joc. cit., from 
those of the present series 


(3.1.2) Effect of Organic Solvents on Nitration Rate at a Constant Nitric Acid Concentration.— 
Nitromethane is usually considered to be a more polar solvent than acetic acid. Nitromethane 
certainly has the larger dielectric constant and dipole moment. It is the better solvent for 
salts containing small ions. It is much the faster solvent for definitely ion-producing reactions, 
such as the formation of quaternary ammonium salts, and of sulphonium salts, from tertiary 
amines or alkyl sulphides and alkyl halides, sulphates, picrates, etc. Nitromethane is a much 
faster solvent than acetic acid for beth zeroth-order and first-order nitration. This may be 


established by comparisons, with a fixed concentration of nitric acid, of rate constants for the 
nitration of any aromatic compound which reacts according to a common kinetic law in both 
solvents, Some examples are given in Table XVI 


Taste XVI 


Effect of solvent polarity on rate constants for nitrations, with a fixed concentration of 
nitric acid, at 20-0". 
Zeroth-order constants, 4,, in sec.’ g.-mol. 1.~*; first-order constants, 4,, in sec..) 
Expt Order HAr HNO,) Solv {HNO, 104A,. 10%, 
202 ° * MeNO, 08-0046 188 — 
60 } Zeroth CH fe * AcOH 00050 5-90 - 
156 . MeNO, 00-0030 ‘ 3500 
28), 164 } First PCH, liad AcOH 00-0030 * 81 
* From the observed rate constant, A, « @78 x 10°° sec. ¢.-mol. L“* at — 10-0°, the quoted 
rate constant for 20-0° has been calculated by using Benford and Ingold’s temperature c« ient 
Part |, lee. ot4.) 
¢ From the observed rate constant, 4, « 2470 © 10° sec. with [HNO,) < 0-0260m., the quoted 
rate constant has been calculated to correspond with the lower nitrous acid concentration, 0-0030m., 
required for the comparison. The equation employed is 45% = 4 + 6, HNO,)”*® with b/a = 10 
(Bentord and Ingold, Part 1, lec. at.) 
3 The quoted rate constant has been logarithmically interpolated between observed rate constants, 
A, ow 20-0 « 10°% see. with [HNO,) — 10-5m.. and A, « 165 x 10° sec.“ with (HNO, 12-0™., in 
order that it shall correspond to the nitric ack! concentration, 11-5m_, required for the comparison 
The use of a power formula, instead of an exponential expression, gives practically the same result 


(3.1.3) Effect of Nitric Acid Concentration on the Order of Reaction in an Organic Solvent.—In 
certain cases it is possible to change the kinetic order of nitration in a given solvent by simply 
changing the concentration of nitric acid. The nitration of benzene in acetic acid provides an 
example. In 12°4m-nitric acid in this solvent, the nitration of benzene is very nearly of zeroth 
order; but in 7°-Om-nitric acid in the same solvent the reaction is very nearly of first order. How 
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closely these approximations hold can be shown by means of the comparisons, set out in 
Table XVII, of the rate constants for nitration of benzene and toluene under identical conditions. 


Tasts XVII. 
Effect of witric acid concentration on the kinetic order of nitration of benzene in 998%, acetic acid. 
(Zeroth-order constants, 4,, in sec.“* g.-mol. 1.~*; first-order constant, 4,, in sec.~*.) 
Expt. — * (HNO,). ; }. (HAr),. 10%, 1*a, 
2 } is a : 

: —— 
3 CH Me } ™ 200 " * 

Tolmene nitrates according to a zeroth-order kinetic law under the conditions of both the 
comparisons. If in either case the nitration of benzene followed a zeroth-order law exactly, it 
should in that case have identically the same rate-constant. Furthermore, the nitration of 
benzene could only follow a first-order law exactly if its absolute rate (not rate-constant) were 
indefinitely small in comparison with the zeroth-order rate of nitration of toluene 

From the figures given it appears that, in 12“4u-nitric acid, the zeroth-order rate of nitration 
of benzene is smaller by 6% than the zeroth-order rate of nitration of toluene under the same 
conditions. In competition experiments benzene is nitrated about 24 times more slowly than 
toluene. We conclude that the slightly smaller kinetic rate for benzene means that its nitration 
rate is not quite rigidly fixed by the rate of formation of the nitronium ion, but is being slightly 
restricted by the relatively low reactivity of the benzene molecule itself. Again, from figures 
given it appears also that, in 7-Om-nitric acid, the initial rate of nitration of benzene in 0:Im- 
concentration is smaller than what would be the steady rate if the reaction had followed a 
zeroth-order law by the factor (402/500) x Ol = 1/156. We know what this steady rate 
would be, because it would be the same as the actually observed steady rate for the nitration of 
toluene in the same conditions. Thus the nitration of benzene starts with only 7% of its zeroth- 
order velocity, and, as the reaction proceeds, it becomes continually slower, both absolutely 
and relatively. These factors, 0-07 falling to zero, by which the actual reaction is slower than 
the zeroth-order reaction, measure the extent to which the existence of zeroth-order aromatic 
nitration must cause a deviation from strict first-order kinetics in the nitration of benzene in 
these conditions. This consideration of the deviations from integral reaction-orders only serves 
to emphasize that the change of order, produced by the change of nitric acid concentration, is 
very nearly integral 

(3.1.4) Effect of Organic Solvents on the Order of Reaction at a Common Nitric Acid 
Concentration. —As compared with nitration in nitromethane, nitrations in acetic acid show a 
generally smaller tendency towards zeroth-order kinetics and a greater towards first-order 
kinetics. This statement assumes that one compares the effect of the two solvents on reaction 
order at a common concentration of nitric acid. In illustration, we shall refer again to the 
nitration of benzene 

Benford and Ingold studied the nitration of benzene in nitromethane, with nitric acid at 
various concentrations extending over the range 3°0—7-0m.; and over the whole of this range 
they observed zeroth-order kinetics (Part I, loc. cit.). We have studied the nitration of benzene 
in acetic acid, with nitric acid in a series of concentrations extending over the range 70— 
12-4m.; and over this range, as we have just seen, the reaction order drops from first to zeroth. 


Taste XVIII 
Effect of solvent polarity on the kinetic order of the mitration of benzene with 7°Om-nitric acid, 
(Rate constants: 4, in sec. g.-mol. LA, and A, in sec.*,) 
Expt. Solvent. Order. Temp. [HNO,). [HAr),. 10%,. 
294-—209° MeNO, Zeroth oo 08-0051 0-10 17-2 
78 AcOH First 20-0 08-0051 0-10 — 
© Expts. of Part I (lec. cit.) covered the —— of nitrous acid 
0-0083m. to 0-1500m., and gave the rate formula A5* ~ 10*(0- — From this the 
quoted rate constant is calculated to correspond to the concentration of nitrous acid, 0-0051s., required 


A comparison of the kinetic effects of the two solvents, nitric acid being at the common 
concentration 7‘Om., is shown in Table XVIII. It appears that the effect on the reaction order 
af replacing acetic acid by nitromethane, with this fixed concentration of nitric acid, is much 
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like that of retaining acetic acid as the solvent, but substantially increasing the proportion of 
nitric acid dissolved in it. Each change presumably increases the polarity of the medium ; 
and each change in fact produces a unit drop in the kinetic order of nitration. 


(3.2) Discussion (Part 3): Mediwm Effects : Mode of Action of the Nitronium Ion 
(continued from p. 2423) 

(3.2.1) Molecularity of Aromatic Attach by the Nitronium Ion in Organic Solvents.—in 
Part | of this Discussion we established the formation and effectiveness of the nitronium ion in 
nitration, essentially by means of a study of the variations in the kinetic order of reaction. We 
then set down (p. 2411) schemes (11) and (12), as representing in detail the reactions which 
produce the nitronium jon, in the presence, and in the absence, of acids stronger than nitric acid. 
We also set down (p. 2412) equations (13) and (14), expressing two alternative methods by which 
the nitronium ion might attack and nitrate an aromatic molecule. In Part 2 of the Discussion 
we were concerned to elucidate the reaction stages involved in the formation of the nitronium 
ion. Evidence on the matter was derived from a study of the kinetic effects of certain solutes 
We thus established the correctness of schemes (11) and (12), which make the nitric acidium ion 
an essential precursor of the nitronium ion. Continuing our Discussion, we shall now attempt a 
decision between the alternative modes of action of the nitronium ion, as represented by 
equations (13) and (14), our evidence being derived from the study of medium effects on reaction 
rate and reaction order 

Equation (13) represents what we call the “ bimolecular’ mechanism of nitronium ion 
attack. It implies that, very quickly after the nitronium ion becomes attached to the aromatic 
carbon atom, the aromatic proton is ejected into the solvent, without waiting to be extracted 
by a solute base, such as hydrogen sulphate or nitrate ion. In this case the proton transfer is 
too rapid to be kinetically significant, and the reaction is not base-accelerated. 

Equation (14) expresses what we term the “ termolecular mechanism of nitronium ion 
attack. Here the picture is that, after the uptake of the nitronium ion, the proton remains in 
aromatic combination until it is found, and extracted, by a sufficiently powerful base. In this 
event the proton transfer is an important part of the rate-determining reaction-stage, and the 
reaction will be base-accelerated 

We shall first consider the effects to be expected from this distinction of mechanism in 
relation to the evidence concerning nitration in the absence of acids stronger than nitric acid 
Accordingly we shall take equation (12) as expressing in detail the formation of the nitronium 
ion. Equations (13) and (14) are alternative representations of the mode of action of the 
mitronium ton 

It will a reference to the processes involved if we first express the combination of 
equation (12) with either equation (13) or equation (14) in the summarised form (22) : 


(s) 
HNO, = NO,* 7 NO,Ar . (22) 


This is done for the convenience of being able to use the labels (a), (6), and (c) for groups of 
associated reaction-stages. Process (a) signifies all the forward transformations involved in the 
conversion of a nitric acid molecule into a nitronium ion. Process (5) denotes the reversal of 
this group of transformations. Process (c) represents the final phase of nitration by the 
nitronium ion, i.¢., its actual attack on the aromatic molecule, together with the associated 
proton-transfer. We take equations (12) as the expressions of processes (a4) and (6) together 
At first we shall assume equation (13) to express process (c) 

As can be seen from equations (12), process (a) converts three neutral molecules into one 
neutral molecule and two ions. This process will be much accelerated by the increased solvation 
forces of a more polar medium. For corresponding reasons the reverse process, (b), should be 
strongly retarded by an increase in the polarity of the medium. Process (c), as expressed by 
equation (13), neither creates nor destroys ionic charges in its rate-determining stage. In the 
first approximation in which we shall consider the gross kinetic effects, the rate of this reaction 
should be unaffected by the polarity of the medium 

Putting these points together, we shall find that we can satisfactorily interpret all the main 
kinetic effects of solvent changes on the basis of the hypothesis that the bimolecular equation 
(13) really does express process (c). The argument is as follows. 

The measured zeroth-order rates depend only on process (a). These zeroth-order reactions 
will therefore be strongly accelerated by increases in the polarity of the medium, such as might 
be produced by increase of nitric acid content, or a replacement of acetic acid by nitromethane 
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The measured first-order rates are constituted as products of two factors. One factor is the 
stationary concentration of nitronium ion. This will closely approximate to an equilibrium 
concentration determined by the reversible conversion of three neutral molecules into one 
molecule and two ions. It follows that the stationary concentration of nitronium ion will be 
strongly increased by an increase in the polarity of the medium. The second factor is the 
specific rate of process (c). But, as we have already seen, this should, in our first approximation, 
be insensitive to changes in the medium. It follows that the complete first-order reactions 
must be strongly accelerated by increases in the polarity of the medium. 

The kinetic order of nitration depends on what fate principally befalls the nitronium ion, 
and, in particular, on whether what is formed by process (a) is mostly destroyed by process 
(6) or by process (c). The former alternative leads to first-order kinetics, and the latter to 
zero-order kinetics; and thus the observed reaction order will depend on the ratio of the rates 
of processes (b) and (c). Since process (6) must be retarded by an increase in the polarity of the 
medium, whereas, in our present approximation, process (c) is insensitive to changes in the 
medium, it follows that the effect of a change to a more polar medium must be in the direction of 
replacing process (b) by process (c); that is, it must be in the direction of reducing the order of 
the over-all reaction from first order towards zeroth order. 

We may assemble these deductions in the following summary of expected effects of increasing 
the polarity of the medium : 


Process 4) accelerated > therefore zeroth-order rates increased. 


Process (6) retarded -—-> therefore first-order rates increased. 
\7 
As 
⸗ 


Process (c) insensitive -—» therefore reaction-order reduced. 


All these deductions have been experimentally verified. 
The success of these deductions is definitely dependent on the choice of the * bimolecular “ 
equation (13), rather than the “ termolecular equation (14), as representing process (c). 


Suppose that we allow equations (12) to represent processes (4) and (6) as before, but now 
assume that equation (14) expresses process (c). Then, since, according to equation (14), two 
ions disappear, becoming replaced by neutral molecules (cf. p. 2412), process (c) must be strongly 
retarded by an increase in the polarity of the medium. Indeed, process (c) should be retarded 
comparably to process (6); and hence we should not expect that first-order rates should be 
increased at least as sharply as zeroth-order rates, as media are made more polar; and we 
should not expect that reaction orders would be reduced in such circumstances. Thus our 
observations on medium effects provide a strong support for the bimolecular picture of 
nitronium ion attack, as expressed in equation (13). 

(3.2.2) Molecularity of Aromatic Attach by the Nitronium Ion in Nitric Acid.—-For the 
nitration of benzene in acetic acid, the reaction order is changed from first to zeroth when we 
replace a part of the acetic acid by nitric acid, as we do by increasing the nitric acid concentration 
from 70m. to 124m. According to our interpretation of medium effects, we should certainly 
expect the order of nitration of benzene to remain zeroth when we replace the rest of the acetic 
acid by nitric acid. However, all the kinetically observed nitrations in nitric acid are first- 
order reactions. 

The reason for this is obviously to be sought in the changes that one has had to make in 
the nature of the aromatic compound in order to secure nitration rates low enough for measure- 
ment in pure nitric acid. A direct kinetic observation of the mononitration of benzene in 
nitric acid is scarcely possible, because of the very high speed of nitration of benzene in this 
medium. In order to obtain a measurable reaction rate, one has to introduce some strongly 
deactivating group, such as a nitro-group. It would not be unreasonable to estimate that a 
nitro-substituent reduces the specific rate of a nitrating attack on the benzene molecule by a 
factor of the order of 10*. Kharasch and Westheimer have suggested the more extreme value 
10-7. The precise value, however, is immaterial, for it is in any case intelligible that, when a 
constitutional change reduces the specific rate of process (c) by any factor such as either of these, 
process (b) will recover its position as the main mode of destruction of the nitronium ion, and we 
shall again observe a reaction of the first order. 

These high speeds of nitration in pure nitric acid point to the conclusion that in this solvent, 
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as in organic solvents, the attack of the nitronium ion on the aromatic molecule follows the 
bimolecular mechanism represented in equation (13), and not the termolecular mechanism of 
equation (14). In order to illustrate the argument, let us take 10°* as the factor by which a 
nitro-group reduces the rate of a nitrating attack on an aromatic molecule. We know that 
benzene may be nitrated at a measurable first-order rate by 7m-nitric acid in acetic acid, and 
that nitrobenzene may be nitrated at a measurable first-order rate by pure nitric acid. 
Employing our illustrative factor, we may assume that nitrobenzene is nitrated about 10° times 
faster in pure nitric acid than it would be by 7m-nitric acid im acetic acid. Again the exact 
ratio is immaterial; for clearly it would be impossible to understand an increase of rate by any 
such large factor on passing over from solvent acetic acid to solvent nitric acid, if any one of 
the stages of the forward reaction were required by theory to become continually and very 
markedly slower as the polarity of the medium is continually increased. And this is what the 

* termolecular "’ theory of nitronium ion attack does require of process (c). Accordingly, it 
seems that, by this simple argument, we may exclude the termolecular theory, with its 
implications that the reaction is base-accelerated, and that the extraction of the aromatic 
proton is kinetically important. The bimolecular theory, in its first approximation, requires 
that the specific rate of process (c) will not be greatly affected by the solvent, so that first-order 
nitration rates will follow, more or less closely, the stationary concentration of nitronium ion, 
which will increase strongly and continually as the medium increases in polarity. This 
inference is consistent with the general kinetic picture. We conclude that the nitronium ion 
attacks by the bimolecular mechanism, and that the aromatic proton is lost in a subsequent, 
fast reaction-stage 

(3.2.3) Molecularity of Aromatic Attach by the Nitronium Jon in Sulphuric Acid.—We shall 
continue to use the labels of scheme (22) in our discussion of the stages involved in nitration 
in sulphuric acid. But now, since sulphuric acid is a stronger acid than nitric acid, we have to 
regard processes (@) and (6) as interpreted in detail by equations (11) on p. 2411. The question 
for discussion is whether, in this solvent, process (c), the attack of the nitronium ion on the 
aromatic molecule, is to be identified with the bimolecular process of equation (13), or with the 
termolecular process of equation (14). We shall again conclude that the attack of the nitronium 
ion is bimolecular, the aromatic proton being lost in a subsequent, fast reaction-stage. 

The broadest argument in favour of this view is on the lines of that just given in relation to 
nitration in nitric acid. For sulphuric acid, even more than nitric acid, is a highly polar solvent. 
And in sulphuric acid rates of nitration are very great in comparison with the rates observed in 
moderately polar organic solvents. This would be unintelligible if the nitration process 
contained any essential forward step which theory required to be strongly and continuously 
retarded as the medium is made more and more polar. This simple consideration appears to 
exclude the termolecular theory of nitronium ion attack, as represented in equation (14). On 
the other hand, the bimolecular theory, expressed by equation (13), is, as before, fully consistent 
with the general kinetic picture. It is implied that, for nitration in sulphuric acid, the 
elimination of the aromatic proton has no kinetic importance 

The contrary view, that for nitration in sulphuric acid the loss of the aromatic proton is 
kinetically significant, has been advocated by Bennett, Brand, James, Saunders, and Williams 
(lec. eit}, who first used a termolecular equation of the type of equation (14). Their object 
was to explain the fact, discovered by Martinsen (Joc. cit.), and confirmed by many investigators 
since, that the addition of a few units per cent. of water to sulphuric acid increases nitration rate 
in that solvent (although the addition of much more water strongly decreases the rate). The 
explanation assumes a mass-law acceleration by hydrogen sulphate ions, acting as the base 
B™~ of equation (14). In our view, this theory® envisages too small a range of observations, 
and neglects the general kinetic situation outlined above 

An effect of the type of that discovered by Martinsen should be expected on the basis of the 
bimolecular theory of process (c), as expressed in equation (13). For simplicity, let us suppose 
that, by keeping the added nitric acid in constant excess over the aromatic compound, we cause 


* Some significance appears to have been attached to the expression of this theory in an algebraic 
equation by means of which the variation of nitration rate with the water content of the sulphuric acid 
can approximately be reproduced We think, however, that the degree of agreement exhibited is largely 
a mathematical necessity, arising in part from the circumstance that the rate must follow the nitronium 
jon concentration when the latter is varying strongly, as it is in the more aqueous end of the solvent 
range, and in part from the method of choosing the disposable constants, which automatically secures a 
tolerable fit in the less aqueous end of the range, where the concentration of nitronium ion must always 
be close to its stoicheiometric limit. A recent defence of the theory by Bennett (Chem. and Ind., 1949, 
235) lacks appreciation of this point 
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the usual second-order nitration rates observed m sulphuric acid to degenerate into first-order 
rates, so that we can consider them collectively and continuously with the previously discussed 
first-order rates in less polar media, such as nitric acid, nitromethane, and acetic acid. We 
noted [Section (3.2.1)} that these first-order rates can be regarded as composed from products of 
a stationary concentration of nitronium ion and a specific rate of aromatic attack by the 
nitronium ion; and that, in the formation of the nitronium ion, ionic charges are created, 
whilst, in the aromatic attack of the nitronium ion, a previously concentrated ionic charge 
becomes spread into the aromatic ring. By using the solvent theory in its crudest form, which 
takes account only of the formation and destruction of charges, but not of their degree 
of distribution, we related the gross rate changes which accompany an increase of solvent polarity, 
from that of acetic acid in the direction of that of sulphuric acid, essentially to increases in the 
stationary concentration of nitronium ion, neglecting in comparison the changes in the specific 
rate of its attack upon the aromatic ring. Such neglect, however, will no longer be admissible 
when the stationary concentration of nitronium ion has increased to near its stoicheiometric 
limit. And this happens in solvent sulphuric acid containing less than about 7% (or 30 mols. %) 
of water. The concentration of nitronium ion, now determined by its substantially quantitative 
formation, is buffered against further medium change; and therefore we have now to look more 
carefully at the second factor which enters into the determination of first-order nitration rates, 
viz., the specific rate of attack by the nitronium ion on the aromatic nucleus. For this purpose, 
we must use the solvent theory in its second approximation which takes account of the degree 
of distribution of ionic charges. 

Sulphuric acid is a highly polar solvent: its dielectric properties are much more extreme 
than are those of water (Gillespie, Hughes, and Ingold, ]., 1950, paper no. 497). Partly because, 
contrary to previously held opinion, water is not fully ionised in sulphuric acid (Gillespie, J, 
1950, paper no. 498), and partly because it is considerably ionised (the ionisation causing Debye 
“ cavities " to occupy much of the medium), it seems certain that the first effect of adding water 
to sulphuric acid will be to reduce solvating power. 

According to the bimolecular theory of aromatic attack by the nitronium ion, as expressed 
in equation (13), there is a spreading of charge in the formation of the transition state. There- 
fore the effect of a reduction of the solvating power of the solvent will be to increase the rate of 
the attack. Knowing the orders of magnitude of solvent effects due to charge distribution in 
other cases, it seems reasonable to assume that this particular charge-spreading would cause 
the rate of aromatic attack to increase by some quite small multiple (such as 2 or 4) as solvating 
power is reduced by adding water up to 30 mols. %, to the solvent sulphuric acid. If it were 
not for a disturbance which is mentioned below, euch a rate increase would appear with but 
slight modification in the observed nitration rates, because of the nearly stoicheiometric 
formation of nitronium ion. (Of course, the addition of much more water will reduce nitration 
rate by reversing the reactions of equations (11), by which the nitronium ion is formed.) 

Even if we could put this theory into a quantitative form, we should not expect it to agree 
with the published data for the dependence of nitration rate on the water content of solvent 
sulphuric acid; for, as Gillespie and Millen have pointed out (Quart. Reviews, 1948, 2, 
277; cf. Baddely, Graddon, and Kenner, Nature, 1947, 160, 187), a complication enters in 
nearly all rea] cases. It is that most substances, whose nitration rates in sulphuric acid have 
been studied, combine with the acid to form unreactive salt-like complexes, which added water 
will partly break up, thereby facilitating nitration. This effect on rate is of the same qualitative 
form as the solvent effect deduced above, and therefore the observed result is in general a com- 
bination of both effects. In many cases, ¢g., for nitro-compounds, complex formation probably 
contributes appreciably to the total result, whilst in some examples, ¢.g., benzoic acid, it probably 
plays a major réle These differences arise from differences in the basicity of the aromatic 
compounds (Gillespie, /., 1950, paper no. 503); and they doubtless explain why the sensitivity 
of nitration rate in sulphuric acid to water content varies as much as it does from case to case. 

Our conclusion is, then, that neither in solvent sulphuric acid, nor in any of the other solvents 
considered in this paper, has the loss of the aromatic proton any concern with the rate-determining 
stage of nitration. There is a simple way of confirming or disproving this proposition, by 
using the principle of the differing zero-point energies of the hydrogen isotopes. If the proton 
loss has no kinetic importance, as the bimolecular mechanism of equation (13) assumes, then 
identically situated aromatic protium and deuterium should be displaced by an entering nitro- 
group at identical rates; whereas if the proton loss is kinetically significant, as the termolecular 
mechanism of equation (14) demands, then we must expect protium to be displaced from 3 to 
more than 10 times faster than deuterium. We were engaged (jointly with Drs. Gillespie and 
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Millen) in trying these experiments, when we heard from Dr. L. Melander that he had completed 
some similar experiments, using tritium instead of deuterium as the heavier hydrogen isotope. 
His uniform result is that the rates of displacement of the isotopes are accurately identical * 

On all these grounds it seems clear that the attack of the nitronium ion on the aromatic 
molecule in the solvents we have considered is a two-stage bimolecular process, a slow uptake 
of the nitronium ion being succeeded by a rapid loss of the aromatic proton, in accordance with 
equation (13) on p. 2412. The establishment of this conclusion completes the central part of 
our kinetic analysis of the process of aromatic nitration by nitronium ions derived from nitric 
acid 

(Discussion continued on p. 2434.) 


(4) Errecr or Nrreovs Actp ow Nirration Kiwetics: Conprriow or Nrrrous Acip 
my Nitric Actp SoLvEenrs. 


(4.0) Significance of the Kinetic Effects of Nitrous Acid.—Here, as elsewhere in this paper, 
the term “ nitrous acid ” is used to include all those materials, present in nitric acid media, 
which in the water-diluted solution are together analytically determined as nitrous acid. 

The original observation on the kinetic influence of nitrous acid was that of Benford and 
Ingold (Part 1), who noted that the presence of this material caused a marked reduction in 
the rates of zeroth-order nitrations in nitromethane. There are two general causes of 
homogeneous anticatalysis, vis, the breaking of reaction chains, and the retrogression of 
reversible reaction stages. Benford and Ingold adopted the former hypothesis as providing 
the more plausible explanation of their effect; for they could suppose that the nitrous acid was 
supplying nitrogen dioxide, or some other free-radical chain-breaker. Thus they were led to 
the inference that nitration under their conditions was a chain reaction. Our much wider 
kinetic investigation has, however, shown that nitration is not a chain reaction. Accordingly, 
the interpretation of the anticatalytic effect of nitrous acid needs reconsideration 

The solution of this problem is quite simple. In the course of our investigation of the 
kinetics of nitration, we encountered an anticatalytic effect which is more powerful than that 
of nitrous acid, viz., the effect of nitrate ions; and we showed that this effect works by reversing 
a reaction stage. It will be established that nitrous acid, when present in nitric acid media, 
produces nitrate ions; and that it is these which are responsible for the observed anticatalytic 
effect of nitrous acid. 

It follows from this interpretation that the kinetic study of the effect of nitrous acid on 
nitration provides a means of obtaining information about the molecular condition of nitrous 
acid in solvent nitric acid, i.¢., about the ionic and molecular species present in “ yellow nitric 
acid." Complementary information has been yielded by the study of the physical properties 
of yellow nitric acid, notably of its spectroscopic and electrolytic properties, of which the former 
are described in an accompanying paper by Goulden and Millen (J., 1950, paper no. 511), while 
the latter will be reported shortly. But before taking the physical evidence into account, we 
have to record some new extensions of the experimental study of the kinetic effects of nitrous 
acid on nitration 


(4.1) Observations on the Kinetic Effects of Nitrous Acid. 


(4.1.1) Constancy of the Concentrations of Nitrous Acid.—Benford and Ingold commenced 
their study of the effect of nitrous acid on zeroth-order nitrations in nitromethane by showing 
that, under these conditions of nitration, nitrous acid is a true negative catalyst, i.¢., that, 
whilst affecting the rate of nitration, it is not itself either formed or destroyed in the nitration 
process. When extending the study of the effect of nitrous acid to first-order nitrations in 
nitromethane, and to zeroth- and first-order nitrations in other media, it was necessary to 
ascertain, for these cases also, whether the concentration of nitrous acid in a nitration solution 
does, or does not, remain undisturbed by the occurrence of nitration 

This was ascertained by determining the nitrous acid before and after nitration. The 
uniform result, obtained in a representative series of cases covering all the nitration media, 
types of aromatic compound, and kinetic forms of nitration, considered in this paper, was that 
the concentration of nitrous acid before and after nitration agreed to within the error of the 
analytical determination. A sample of such results is contained in Table XIX 


* Since this was written the work cited has been published in summary (Melander, Nature, 1949, 
168, 500. Acta Chem. Scand., 1049, 3, 05). Its agreement with our kinetic data has also been briefi 
ointed out (Gillespie, Hughes, Ingold, Millen, and Reed, Nature, 1949, 163, 599). (Added in proof.) 
fat account has just appeared (Arkiv Kemi, 1950, 2, 211) 
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Exceptions to the rule that nitrous acid is neither formed nor destroyed have been encountered 
in the nitration of certain (but by no means all) derivatives of phenol and aniline. Such 
nitrations display a somewhat complicated kinetic form, with nitrous acid functioning as a 
positive catalyst in certain conditions. These nitrations are not our present concern, since they 
involve special mechanisms. They are discussed in the accompanying papers, Parts VI and 
VII; J., 1950, papers nos. 512, 513). 





Taste XIX 
IMustrating the constancy of the concentrations of mitrous acid during nitrations at 20-0". 


MeNO, p-C,H,Cl, 85 000170 

* 174 

AcOH C,H\Me 60 0-00049 
* C,H, 95 3 0-505 
— 0-500 


(4.1.2) Effect of Nitrous Acid on Nitrations in Nitromethane.—-The case of zeroth-order 
nitrations in this solvent was dealt with comprehensively by Benford and Ingold (Part 1). They 
showed, in the examples of benzene and its homologues, that the rate of nitration was decreased 
by nitrous acid in such a way that the reciprocal of the rate increased linearly with the square- 
root of the concentration of nitrous acid. The formula 1/A, ⸗ a, + 6,{HNO,)™* held over the 
whole of the investigated range of conditions, viz., for nitrie acid concentrations between 3u 
and 7m., and for nitrous acid concentrations up to about 0'Im. or rather more. All the observed 
retardations took place without sensible disturbance to the zeroth-order form of the reactions 

Some experiments have been carried out which extend the range of Benford and Ingold’s 
observations to higher concentrations of nitrous acid. Here a disturbance is experienced : at 
concentrations well above 0: 1m_, the anticatalytic effect increases with concentration considerably 
more steeply than corresponds to the equation written above. This is established by the rate 
constants quoted in Table XX. However, even the most strongly retarded reactions showed 
no detectable departure from the zeroth-order kinetic form 


Taste XX. 


Effect of nitrous acid on seroth-order vate constants (k, im sec. ‘g.-molj.~*) for the nitration of 
toluene in nitromethane (ci. Part 1, Table LI) 
HNO, « 70m HAr), = 0-00". Temp. « — 60 
(HNO, 10%A,. Expt (HNO, 10%, 
0-0755 345 615 0-420 0-70 
0-170 1-84 616 0-448 064 


This incursion of a specially strong anticatalysis at high nitrous acid concentrations appears 
to be a general phenomenon. It is illustrated for the zeroth-order nitrations in nitromethane 
in Fig. 14, where it appears as a deviation from a straight line representing the anticatalytic 
law established by Benford and Ingold for low concentrations of nitrous acid. The continuous 
line represents the approximate range of validity of their law 

Benford and Ingold showed (loc. cit.) that the mixed-order nitrations, which the four 
monohalogenobenzenes undergo in nitromethane, are also subject to anticatalysis by nitrous 
acid 

We now find that first-order nitrations in nitromethane are subject to a closely similar 
anticatalysis by nitrous acid. Some first-order rate constants for the nitration of p-dichloro- 
benzene in the presence of various amounts of nitrous acid are assembled in Table XXI. Even 
the strongest retardations are unaccompanied by any discernible disturbance to the first-order 
kinetic form of nitration 


Taste XXI. 
Effect of nitrous acid on first-order vate constants (k, in sec") for the mitration of 
p-dtchlorobenszene in 
(HNO,) = 5m. [HAr], = 010m. Temp. « 200°. 
Expt. [HNO,). . (HNO). 10%, Expt. (HNO,. 10%, Expt. (HINO,). 
00350 «276 623 400590 154 187 


00365 2958 153 626 
00480 266 624 «40-0676 628 
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If we temporarily leave aside the last two experiments, and plot the reciprocals of the rate 
constants against the square-roots of the nitrous acid concentrations, we obtain the linear 
relation shown in Pig. 15. Thus it appears that, for concentrations of nitrous acid which are 
not too high, the law obeyed by the anticatalysis is 1/4, = a, + 6,[HNO,)”*; that is, it is of the 
same form as for zeroth-order nitration, except, of course, that the constants, 4,, 4,, and ,, 
have not the same physical dimensions as the constants, k,, 4, and b,, which apply to the zeroth- 
order case. 


Pio. lt 
Effect of witrous acid om the seroth-order Fic. 6 
vate of nitration of toluene by 70m 6 
witrte acid im mitre eat6o’. FE flect of mitvows acted om the first-order rate of mitra- 
* trom of p-dichlorobenzene by 8 Su-nsiric acid im 
| ; nitromethane at 20-0 
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The last two experiments noted in Table XXI suffice to show, however, that this law is only 
a limiting law : the points representing these two experiments lie wel] above the projection of 
the straight line shown in Fig. 15. The complete graph is a straight line running into a rapidly 
steepening curve, much asin Fig. 14. We conclude that in first-order nitrations in nitromethane, 
just as in zeroth-order nitrations in this solvent, a specially powerful anticatalysis supervenes 
at the higher concentrations of nitrous acid. 

(4.1.3) Effect of Nitrous Acid on Nitrations in Acetic Acid.--This has been investigated in the 
examples of the zeroth-order nitration of toluene in 7m- and in 12m-nitric acid, the zeroth- 
order nitration of benzene in 12™-nitric acid, the first-order nitration of benzene in 8m-nitric 
acid, and the first-order nitration of chlorobenzene in 10m-nitric acid. The kinetic phenomena 
observed in these cases are generally similar to those described in section (4.1.2). 

In all cases nitrous acid reduces the reaction rate, without noticeably altering the kinetic 
form of the reaction: zeroth- and first-order reactions alike are retarded. The limiting form, 
for low concentrations of nitrous acid, of the law expressing the retardations appears to be the 
same for these nitrations in acetic acid as for nitrations in nitromethane, viz., Ag! = 
@, + 6,{HNO,)“* for the zeroth-order reactions, and &,-' = a, + b,{[HNO,)™* for the first-order 
reactions. However, at concentrations of nitrous acid above about 0-Im., an anticatalytic 
effect supervenes which is much stronger than corresponds to the above limiting law. The 
results in Table XXII will serve to establish these points in the example of the nitration of 
chlorobenzene 


Taste XXII. 
Effect of nitrous acid on first-order rate constants (k, im sec") for the nitration of chlorobenzene 
in O9°8% acetic acid, 
HNO,) = 10-0m. [HAr), « 010m. Temp. « 20-0° 
Expt HNO, 10% , Expt [HNO,). 10%,. 
177 60-0450 is? 174 0-146 43-8 


173 0-10) 119 176 0-160 418 
175 0-135 614 178 6-203 15-0 
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A plot of the reciprocals of the rate-constants, given in Table X XII, against the square-roots 
of the nitrous acid concentration is shown in Fig. 16. From this graph it appears that the 
linear relationship representing the limiting law has approximate validity up to about @-ls- 
nitrous acid, but that at higher concentrations than this the anticatalytic effect becomes 
intensified very rapidly 

(4.1.4) Effect of Nitrows Acid on Nitrations in Nitric Acid.—Pirst-order nitrations with 
nitric acid as both solvent and reagent are also retarded by nitrous acid, the kinetic order of the 
rea. tion remaining undisturbed. This has been established in the examples of the nitration of 
nitrobenzene and of 1-nitroanth Some data relating to the nitration of nitrobenzene 
in nitric acid containing nitrous acid are given in Table XXIII It should be observed that, 
except for the nitrous acid (introduced as dinitrogen tetroxide), and the compound undergoing 
nitration, and its nitration products, the nitric acid used in these experiments was pure; for we 





Fic. 16 


Effect of wstvows acid om first-order rate of Fw. 17 
nitration of chlorobenzene by 10-Om- 
witric actd im acetic acid at 2-0" Effect of witrows acid om first-order rate of nitration 
* of witrobensene im anhydrous nitric acid at 
* ~13-3". 

















(x = Point derived from Fig. 13.) 








shall note below that the kinetic effect of nitrous acid is very different when the employed 
nitric acid contains water 


Taste XXIII 


Effect of nitrous acid on first-order vate constants (k, im sec") for the nitration of nitrobenzene in 
100-0°, mitric acid. 
HNO,), ~ 24-58m.* [H,O) = 000m. (HAr), «020m. Temp. « — 13-3" 
Expt. {HNO,) " ixpt. (HNO, 10%, Expt. (HNO,. 
410 . 0-0012 1 415 0-221 
414 0-121 378 42! O21 


416 0-138 375 422 6-229 
418 04724 


* Molarity before the introduction of nitrous acid or nitrobenzene (cf. p. 2418) 


The retardations caused by nitrous acid in the speed of nitration are much smaller in pure 
nitric acid than they are in organic solvents: the largest of the nitrous acid concentrations 
used cut down the rate only by about one-third. Because of this, we are not able to establish 
the mathematical form of the effect with a chemically significant degree of precision. It is true 
that, as Fig. 17 shows, a plot of the reciprocals of the rate constants against the square-roots of 
the nitrous acid concentrations can be considered to indicate a straight line; but this is hardly 
significant because of the smallness of the effect. What Fig. 17 does show is that, up to nitrous 

powerful 


anticatalysis of the type of that which, in 
nitrous acid above about 0- I. 
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Taste XXIV. 
Effect of wttrous acid on first-order vate constants (k, im sec) for the nitration of witrob 
nitric acid contamming water. 

Expt fHNO,) 10%4, Expt 'HNO,) 10°", Expt (HNO,). 10%, 
Series A: (HNO,), ~ 23-666." (HO), ~ 1-650.¢ (HAr), = O2Im. Temp. — — 133°. 
631 o110 se 633 132 57-8 635 6-210 39-4 
632 os 706 ou 0-207 466 636 0 259 25-8 

Series B > (HNO, = 23-366 ° HO, = 208m. ([HAr], « O-20m. Temp. = — 13-3". 
425 6-00135 inv 427 O16 432 6 220 22-8 


4i6 0.0702 Th6 429 O14 . 4h 0-273 159 
428 0100 531 431 0-166 


* Molarity before introduction of nitrous acid or nitrobenzene (cf. p. 2414) 
+ These figures relate to initially added water ; extra water is produced during the nitrations 





The influence of added water on the kinetic effect of nitrous acid is illustrated by the two 
series of results in Table XXIV. They again relate to the nitration of nitrobenzene in nitric 
acid, at the same temperature as before; but in series A 

Fro. 18 the nitric acid contained a uniform amount, about 3% 
b fect of witrows acid om first-order rate of wy volume, of added water; and in Series B it contained 
— call te 2 shghtly another common amount, about 5% by volume, of water 
— (the exact proportions are noted in the Table). 
The principal effect of these additions of water on the 
. kinetic behaviour of nitrous acid is that they greatly 
% reduce the range of concentration of nitrous acid over 
which anything approaching a linear relation holds 
between the reciprocal of the rate constant and the 
square-root of the nitrous acid concentration; and that 
they bring in at low concentrations that strong and 
rapidly intensifying anticatalytic effect, which in the 
absence of water becomes prominent only at considerably 
higher nitrous acid concentrations, This may be illus- 
trated by the representation of the results of Table XXIV 
given in Fig. 18. We see here two strongly curved 
graphs, one for each water concentration, of the 
reciprocals of the rate constants against the square-roots 
of the nitrous acid concentrations. Actually, these 
graphs are cubic in form, as we shall note in more detail! 
im Section (4.2.2). The nearly horizontal straight line 
at the bottom of the diagram shows, for comparison, 
Points derived from Fig. 13 the kinetic effect of nitrous acid in anhydrous nitric 
acid ; this line is reproduced from Fig. 17. It will be 
evident that the general influence of added water is to make nitration much more sensitive to 
anticatalysis by nitrous acid; and that, in the presence of 3% or 5% of water, practically the 
whole of the observed anticatalysis is of that strong and rapidly steepening kind, which in other 
cases appears only at the higher concentrations of nitrous acid 











(4.2) Diseussion (Part 1V) > Nitrous Acid Effects | Oxides of Nitrogen as Electrolytes 
(continued from p. 2430 


(4.2.1) Anticatalysis by Nitrous Acid im Low Concentration lomsation of Dinitrogen 
Tetroxide —One of the more easily controlled ways of preparing solutions in nitric acid of what 
we call nitrous acid 1s to dissolve (below 0°) a known weight of pure dinitrogen tetroxide 
(redistilled in oxygen) m pure nitric acid (freed from nitrous acid and water by distillation from 
sulphuric acid at low pressure); water may be added if required. The solutions prepared from 
these pure, colourless, materials are yellow, and spectrally, and in other respects, are 
indistinguishable {rom “ yellow nitric acid,” containing the same analytical amount of nitrous 
acid and the same amount (if any) of water, obtained in other ways, ¢g., by the thermal or 
photochemical decomposition of nitric acid (as in storage), or by the addition to nitric acid 
of nitrogen oxides lower than dinitrogen tetroxide. The state of oxidation of the species 
collectively regarded as nitrous acid, in whatever forms they may have been introduced, is 
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determined by the nitric acid medium, and, in nearly pure nitric acid, is essentially that of 
dinitrogen tetroxide. The problem of the nature of nitrous acid in solvent nitric acid can thus 
be simplified to that of determining the condition assumed by introduced, pure, dinitrogen 
tetroxide 

Although dinitrogen tetroxide is very soluble in anhydrous nitric acid, the solutions have a 
definite partial vapour pressure of the equilibrium mixture of nitrogen dioxide and dinitrogen 
tetroxide. Hence one of the forms of change undergone by dinitrogen tetroxide in solvent 
nitric acid must certainly be partial homolytic dissociation to nitrogen dioxide. The yellow 
colour of the solutions suggests the presence, in small concentration, of nitrogen dioxide. It is 
true that the absorption of light by such solutions in the violet and near ultra-violet regions is 
not quite identical in spectral form with that of gaseous nitrogen dioxide ; but the differences are 
probably not greater than could plausibly be explained by the polarising effect of solvation 

Reed has studied the electrical conductivity of solutions of dinitrogen tetroxide in nitric acid 
solvents. His measurements show that dinitrogen tetroxide is a definite electrolyte in such 
solvents. In pure nitric acid it is quite a strong electrolyte. But in solutions of nitric acid in 
excess of nitromethane, dinitrogen tetroxide becomes a typical weak electrolyte, obeying 
Ostwald's dilution law, and thus showing itself to be a binary electrolyte. As to the nature of 
the formed ions, Goulden and Millen have made it clear that they are nitrosonium and nitrate 
ions. They have studied the Raman spectra of solutions of dinitrogen tetroxide in nitric 
acid, and also the transport phenomena and electrode processes associated with their electrolysis. 
They have also noticed that the addition of an alkali-metal nitrate to a solution of dinitrogen 
tetroxide in nitric acid produces a marked increase in the partial vapour pressure of nitrogen 
dioxide and dinitrogen tetroxide, and in some conditions leads to a visible evolution of these 
gases. The spectroscopic evidence is given by Goulden and Millen in an accompanying paper 
(/., 1950, paper no. 511), but their electrochemical work and Reed's is being continued in various 
directions, the intention being to publish the whole of this branch of the general investigation later. 

From this work it follows that we have to picture dinitrogen tetroxide as undergoing, not 
only a homolytic, but also a heterolytic, dissociation in nitric acid 


2NOo, == NO, == NO’ + NO, (23) 


The total evidence strongly suggests that, in such conditions as are of present concern to us, 
the principal entity present is still the dinitrogen tetroxide molecule, although in nearly pure 
nitric acid large concentrations of the ions are produced. 

In this respect, as in many others, we find solvent nitric acid exhibiting a character inter- 
mediate between that of sulphuric acid and that of relatively weakly polar or non-polar organic 
solvents. In two other papers of the present collection (J., 1950, papers nos. 499, 5608) it is shown, 
both cryoscopically and spectroscopically, that the splitting of dinitrogen tetroxide in sulphuric 
acid is entirely heterolytic. In non-polar solvents the fission is wholly homolytic. In nitric acid 
we observe both types of fission. Again, in sulphuric acid no molecular dinitrogen tetroxide 
survives, the heterolysis being complete. In organic solvents the heterolysis is vanishingly 
small. In nitric acid it is considerable, but still partial. 

Turning to the kinetic findings, let us first consider Benford and Ingold’s results (Part 1) 
concerning zeroth-order nitrations in nitromethane. They observed that nitrous acid retarded 
these reactions in such a way that the reciprocal of the zeroth-order rate constaat increased 
linearly with the square-root of the analytically determined concentration of nitrous acid. 
Now one molecule of nitrous acid is the analytical equivalent of one molecule of dinitrogen 
tetroxide. Since the principal solute species in Benford and Ingold'’s conditions was 
undoubtedly molecular dinitrogen tetroxide, we can take the concentration of this to be given, 
in sufficient approximation, by the analytically determined concentration of nitrous acid. 
Provided that, as the physical evidence indicates, the amount of nitrate ion formed by 
heterolysis of this dinitrogen tetroxide is considerably greater than the amount arising by 
self-ionisation of the nitric acid contained in the nitromethane solvent, equilibrium (23) will 
require the total concentration of nitrate ions to be approximately proportional to the square- 
root of the concentration of molecular dinitrogen tetroxide, and therefore approximately 
proportional to the square-root of the analytically determined concentration of nitrous acid. 
But we have already seen (Section (2.2.2)) that, within appropriate ranges of concentration, 
added nitrate ions retard zeroth-order nitrations in such a way that the reciprocal of the rate 
constant increases linearly with the first power of the concentration of nitrate ions. And we 
have seen also [Section (2.4.1)) that this can be understood on the basis that the effect of the 
nitrate ion is to deprotonate the nitric acidium jon in accordance with the reversible equation 
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(24), thus reducing the equilibrium concentration of nitric acidium ion, to which the rate of 
formation of nitronium ion, and hence the zeroth-order rate of nitration, is proportional : 


2HNO, <= H,NO,* + NO, (24) 


Combining these points, we see that nitrous acid should retard nitration in such a way that the 
reciprocal of the zeroth-order rate constant increases linearly with the square-root of the 
analytically determined concentration of nitrous acid. Thus, Benford and Ingold’s law for the 
anticatalysis by nitrous acid of zeroth-order nitrations in nitromethane becomes explicable 
on the simple ground that “ nitrous acid” exerts its effect by supplying nitrate ions as 
represented in equation (23), and that the nitrate ions act, as we have other reasons for believing 
they do, by deprotonating the nitric acidium ion in accordance with equation (24) 

The analogous reciprocal-square-root law, which we have observed for the effect of nitrous 
acid on first-order nitrations, can evidently be explained on similar lines: the difference is 
only that the equilibrium concentration of nitric acidiam ion now determines the stationary 
concentration of the nitronium ion, to which the first-order rate constant is proportional. 

For first-order nitrations in anhydrous nitric acid as solvent the anticatalysis by nitrous 
acid is relatively weak | it is too weak to enable a chemically significant law for the effect to be 
critically derived from the data. The comparative weakness of the effect undoubtedly arises 
from a less favourable relation in nitric acid alone than in solutions of nitric acid in organic 
solvents, between the amounts of nitrate ion supplied by heterolysis of the dinitrogen tetroxide 
and the quantities funished by self-ionisation of the nitric acid. For this reason, the law obeyed 
by the effect is not expected to have any simple mathematical form 

(4.2.2) Anticatalysis by Nitrows Acid in Higher Concentration and in the Presence of Water : 
Jomsation of Dinitrogen Triomide —The substance of our theory of the specially strong 
anticatalysis of nitration by nitrous acid in the higher range of concentrations investigated, and 
by nitrous acid at all concentrations in the presence of suitable amounts of water, is that 
these effects arise from the formation of dinitrogen trioxide, which, although in smaller 
concentration than the dinitrogen tetroxide, is specifically a much more powerful anticatalyst. 

When pure dinitrogen trioxide (redistilled in nitric oxide) is added to a large excess of 
absolute nitric acid at — 40°, the blue colour of the former substance is instantly destroyed, and 
a yellow solution results which is quite similar to the solutions which one prepares by the use of 
dinitrogen tetroxide. The oxidation-reduction which this colour change indicates must in 
principle be a balanced reaction 


N,O, + 2HNO, ==> H,O + 2N,0, ; (25) 


It is undoubtedly true for the conditions of main concern to us that, of all the species 
collectively estimated as nitrous acid, the preponderating species is molecular dinitrogen 
tetroxide. This being so, it follows from an application of the mass law to equation (25) that the 
proportion of so-called nitrous acid which exists in the form of dinitrogen tnoxide must increase 
with the total concentration of dinitrogen tetroxide, 1.¢., of analytical nitrous acid, and also with 
the concentration of water. Up to the highest concentrations of nitrous acid, and of water, 
with which we deal in this paper, say, m/3 for nitrous acid and 3m. for water, the proportion of 
dinitrogen trioxide in the nitric acid solvents seems to be too small to permit estimation of the 
trioxide, in the presence of accompanying substances, by means of its colour, 1 ¢., by its absorption 
of light in the red and the near infra-red regions. However, when much more water is 
introduced into these solutions, they become blue. There can be no reasonable doubt that 
in such conditions important quantities of dinitrogen trioxide are formed, illustrating the 
reversibility of reaction (25).° 

Let us now consider how dinitrogen trioxide might retard nitration with such specific strength 
that it can become effective as an anticatalyst at some quite low threshold of concentration 

We know many close analogies of chemical behaviour between dinitrogen trioxide and 
dinitrogen tetroxide. In the gas phase, and in non-polar or weakly polar organic solvents, 
dinitrogen trioxide is partly homolysed into nitric oxide and nitrogen dioxide, just as dinitrogen 


* It i often assumed that molecular nitrous acid, HNO,, is blue, bot we doubt this: molecular 
nitrous ackd should be pale yellow. We think that the blue colour attributed to nitrous acid is the 
property of its anhydride, with which the acid enters into equilibrium, even in the presence of much 
water. It is also stated that methy! nitrite is blue, but it should not be, having no suitable chromophore 
And, in fact, it is not in these laboratories by Dr. A. T. Austin, it is pale yellow (and, according 
to his otervation, it at —18-5°, not —12° as is recorded in the literature). The blue colour 
observed by other workers is undoubtedly due to contamination by dinitrogen trioxide 





(1950) Mechanism of Aromatic Nitration. Part I. 2437 


tetroxide in such conditions is partly dissociated into two molecules of nitrogen dioxide. Again, 
ig wenchewhepevohe tips oe 1950, papers nos. 499, 508), dinitrogen trioxide, 

like dinitrogen tetroxide, is heterolytically dissociated in solvent sulphuric acid. The products 
of heterolysis in the two cases are strictly analogous, and for both oxides the heterolysis is 
complete. We shall now assume that analogies, such as we observe in non-polar and weakly 
polar solvents, on the one hand, and in highly polar sulphuric acid, on the other, will continue 
to hold in the solvent of intermediate character, nitric acid. In particular, we shall assume 
that, in solvent nitric acid, dinitrogen trioxide, just like dinitrogen tetroxide, will undergo 
partial homolysis and partial heterolysis side by side. This is expressed in equations (26), 
which are to be compared with equations (23) : 


NO+NO, qe NO, we NO’+NO... . (26) 


The prodacts of the heterolysis will be the nitrosonium ion and the nitrite ion, and it is with 
the latter that we shall now be especially concerned. 

Our theory is that, just as the anticatalytic behaviour of dinitrogen tetroxide is dependent 
on its heterolysis to the nitrate ion, so the retarding effect of dinitrogen trioxide arises trom 
its heterolysis to the nitrite ion; and that the nitrite ion exerts its action, exactly as the nitrate 
ion does, namely, by deprotonating the nitric acidium ion. Accordingly, in the presence of 
dinitrogen trioxide, and therefore of nitrite ion, the stationary concentration of nitric acidiam 
ion is limited by equilibrium (27) : 


HNO, + HNO, == H,NO,* + NO, (27) 


This equilibrium will therefore limit zeroth-order and first-order nitration rates, both of which 
are proportional to the stationary concentration of nitric acidium ion. 

Equation (27) is to be compared with equation (24), which expresses the analogous reaction 
of the nitrate ion. However, the nitrite ion, as the anion of a weak acid, will be a much stronger 
base than is the nitrate ion. Consequently, we must expect a low concentration of nitrite ion to 
be as effective as a much higher concentration of nitrate ion for the destruction of the nitric 
acidium ion, and hence for the anticatalysis of nitration 

Let us now combine equations (23), (25), and (26) in the following scheme : 


NO, + NO 2NO, 
—— =a 
“S y,0, 4 2HNO, == HOG2No, — . ey 
f & 
NO,- + NO* 2NO* + 2NO,~ 


It has to be emphasized that, under the conditions of our kinetic experiments, the equilibria of 
system (28) lie in the direction of dinitrogen tetroxide rather than dinitrogen trioxide, and of 
nitrate ions rather than nitrite ions. Obviously the ratio of nitrite ions to nitrate ions in a 
large excess of nitric acid must always be small. But the points of kinetic importance are, 
first, that, because of the superior specific effectiveness of the nitrite ion, a small ratio of nitrite 
to nitrate may well be large enough to give to the nitrite ion a practical kinetic importance ; 
and secondly, that the ratio can be substantially increased by increasing either the concentration 
of the dinitrogen tetroxide (i.¢., of the nitrous acid as measured analytically) or the concentration 
of the water 

Therefore we can understand what happens to the total anticatelytic effect of nitrous acid 
as the concentration of analytical nitrous acid, or the concentration of water, is progressively 
increased. We deduce that, as the rising proportion of nitrite ion reaches some quite low 
threshold, this ion will begin to take a part in the anticatalysis quantitatively comparable to the 
part taken by the nitrate ion, which up to that stage had been the sole effective agent; and 
that, if the concentration of the analytical nitrous acid, or of the water, is further increased, so 
that the proportion of nitrite ion continues to rise, then this ion will rapidly assume a 
role, with the result that the total anticatalytic effect will increase steeply. This is what we 
observe. It should apply alike to zeroth- and first-order nitrations, and, as far as our 
observations extend, it does so 

The confirmation of this interpretation on quantitative lines can readily be carried to a 
semi-quantitative stage, but hardly beyond that on the basis of our results. With the help of the 
mass-law, it is easy to derive mathematical expressions for the anticatalysis, which should 
have approximate validity over a considerable part of the investigated range of concentration. 
Thus we can deduce the equation 1/k, = a, ¢,{HNO,)* for zeroth-order 
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nitration, and a similar formula for first-order nitration. In these equations the interesting 
term is the last, since it expresses the presumed effect of the nitrite ions.* 

Equations of the type indicated have been found to have a considerable measure of validity 
when applied toourdata. Thus in Fig. 18 (p. 2434), the curve labelled “ 5% H,O,” although it 
is scarcely distinguishable from the best smooth curve through the observational points, was 
actually drawn as the graph of the equation 10*A,~' = 05 + 40(HNO,)**. Similarly the curve 
labelled “ 3% H,O,” though it appears to be drawn to fit the points, is, in fact the graph of the 
p> pam yong gehen soed age ay ot It will be noticed that the ratio of the coefficients, 
40 and 25, of the main terms in these equations is approximately equal to the ratio of 





the number of disposable constants, and the neglect of activity corrections, all limit their 
quantitative significance. However, considered as a semi-quantitative check, the above 
comparison is clearly satisfactory. 


(5) Experimenta Meruops. 


(5.1) Purification of Materials. 

(5.1.1) Nitree Acid.-—This was purified as described by Benford and Ingold (Part |), except that the 
two disti from excess sulphuric acid were, by the use of a rotary oil-pump, conducted at lower 
pressures than they employed, and at temperatures below 0°. The second distillation was accomplished 
without permitting visible boiling. The colourless crystalline distillate was collected at — #0 It 
could be preserved in sealed tubes in the dark at —-80°. It melted to give a colourless liquid, which had 
the theoretical acid equivalent of nitric acid to within the error of measurement. Its content of nitrous 
acid was often undetectably small, and was normally less than 0-001lm. At temperatures above 0° the 
material developed nitrous acid rapidly. 

(5.1.2) Organic Solvents.-Specimens of nitromethane obtained from several commercial sources, 
and also samples in the laboratory, were dried (CaCl,), and distilled through an efficient 
fractionating column, constant-boiling fraction (¢.g., of b. p. 101-2°/762-0 mm.) being collected for use 


Acetic acid (" AnalaR “ supplied by British Drug Houses Ltd.) was boiled for several hours under 
reflux with chromium trioxide, and recovered by distillation. It was then rectified with the aid of a 
fractionating column, a fraction of b. p. 117-8-—-118-2° being collected for further purification. This was 
fractionally frozen until the m. p. 16- was obtained. The correct weight of water was then added in 
order to produce the 99-8% acetic acid weed as solvent. 

(5.1.3) Nitrates and Other Salts.—All the salts employed, viz., lithium, sodium, potassium, ammonium 
and urea nitrates, potassium perchiorate, and —— hydrogen sulphate, were purified by crystallising 
them several times from water, and drying t at temperatures between 110° and 200° in a vacuum 
over phosphoric oxide 

(5.1.4) Dimitrogen Tetroxide and Dinitrogen Trioxide.—The procedures used for the preparation and 
purification of these substances were as described in an accompanying paper (/., 1950, paper no. 499) 

(6.1.5) Aromatic Compounds..-All the compounds 22 for nitration, viz., benzene, toluenc, 
ethylbenzene, p- — mesitylene, fluoro-, chioro-, bromo-, and iodo-benzene, o-, m-, and p-dichloro- 
benzene, 1: 2: 4-trichlorobenzene, ethyl benzoate, nitrobenzene, p-chloronitrobenzene, and 1-nitro- 
anthraquinone, — purified by the standard methods of fractional freezing. crystallisation from 
solvents, sublimation, or distillation through an efficient fractionating column. Some of the substances 
were given additional special treatments. For instance, benzene was shaken with sulphuric acid until 
the latter ceased to become coloured, and toluene was shaken with mercury 


(5.2) Methods for following the Kinetics of Nitration. 
(5.2.1) The Dilatometric Technique._The tec —2* used was essentially that worked out by Benford 
and Ingold (Part 1). The instruments employed, , the precision thermostats, including one for 
temperatures below 0°. and the _tapless du tometers, ‘were as described by them.{ Difficulty with 


* The power 3/2, « haractensing this term, arises as follows. The use of the mass law, with reference 
to equations (28), yields the conclusion that the product (NO*)/NO,~) is proportional to [N,O,)*; and 
that [NO*}, which is approximately equal to [NO,~), is therefore —5* to NO. Thus (NO,~) 
becomes proportional to (N,O,)**, that is, to HNO, ** where HNO, signifies the analytical nitrous acid 

t The theory is as follows With reference to equations (28). the. mass law indicates that the uct 
[NO*)(NO,~) is proportional to (H,O), and that the product _NO*)(NO,~)}, and hence also of its 
nearly equal factors, are independent of [H,O). Thus (NO,~) becomes proportional to [H,O), justifying 
the statement in the text. Of course, this applies only so long as there is too little water to produce 
unportant amounts of (NO,~) by the ordinary aqueous ionisation of nitric acid. 

$ The most suitable of Benford and Ingold’s dilatometers for use with rapid reactions is their 

* Type C,” one limb of which is bent over for convenience in filling. However, occasionally during 
arun, a small droplet, formed by drainage of the capillary walls, gets into the down-facing end, thereby 
creating @ pressure change which interferes with the hydrostatic equilibrium governing the relation 
between the heights of the two meniscuses in the body of the dilatometer. he possibility of this 
ocourrence is excluded by making the bent-over part of the capillary tube detachable, through the 
provision, near the top, of a very small, ground-glass joint : then, as soon as the dilatometer is filled, 
the bend can be taken off 








(1950) Mechanism of Aromatic Nitration. Part 11. 2439 


maintenance of accurately constan ge ye ey mag poeeeewnomaneas the of thermostat 
regulators having closed heads filled A cathetometer was ——— for reading the 
dilatometers, greater accuracy being thus thon could be nenaed bey the eae of 0 exaks eateined 


The tic compound 
The nitrating medium 








In a few cases the thermal! effect of dissolving the aromatic compound in the nitrating medium was 
investigated with the aid of a thermocouple. Increases of temperature, extending to 2-4° in the more 
concentrated solutions, were observed; but in the dilatometers all these disturbances disappeared in 
less than 5 minates. 


(5) 22. Chemical Control of Dilatometric Runs.—When following reaction kinetics by the variation 
of a physical property, it is important to identify the reaction measured. In the 
was for each aromatic compound and each mitrating met. by at least ane 
methods, (1) by determining aromatic nitroxyl in product after the dilatometric contractwn 
ceases; (2) by isolating, and peg a analysis of, the nitration product after the contraction 
ceases; (3) by ascertaining that the derivative of the aromatic compound used (or at least 
one of the nitro-isomerides, when there are several) does got give any dilatometric or other indication of 
reaction when placed for the same length of time under the same conditions; and (4) by following the 
kinetics of the reaction completely by chemical analysis. 


Method (1) was used in every case. We do not quote the results, because they are numerous and 
uite uniform: always the ——- of nitroxyl corresponded to mononitration to within + 02% 
y as an additional check. Thus the product from 1 : 2: 4tri- 
c en an Weiler and Strauss) gave the following figures. C, 32-4; H, 1-2; N, 63 
(Cale. for COLON 31-8; H, O®; N, 62%). Method (3) was often used as a further check, 
especially in cases of —— kinetics, since it was then particularly necessary to be certain that 
the kinetic complications did not arise from consecutive reactions. Thus it was ascertained that, under 
the conditions used for the nitration of SS eae undergoes no change. 
Method (4) was employed only as an approximate on the dilatometric results for some fast 
nitrat: of nitrobenzene in absolute nitric acid. These runs involved the difficulty that the dilatometric 
rate constant depended on observation only over the latter part of the reaction, a good dea! of reaction 
having occurred during the few minutes in which the thermal effect of mixing precludes dilatometric 
readings of the reaction rate. However, the heat of mixing has a much less serious effect on the reaction 
rate itself than on its dilatometric indication, and thus pay ode rate can be measured in other 
ways, at least approximately, during much of the period ma! disturbance. We stopped the 
nitrations by delivering samples into water about once a minute, and then determined the dinitro- 
benzene in the diluted samples by a method involving the use of dimethylaniline, as described below 








(5.3) Methods of Chemical Analysis. 


(5.3.1) Determination of Nitroxyl.—For the routine control of dilatometric runs by method (1) 
above, mitroxyl in the isolated aromatic nitration product was determined by the method of Kolthoff 
and Robinson (Rec. Trav. chim., 1926, 45, 169), 30% aqueous sodium nitrate being employed as buffer, 
and aqueous potassium thiocyanate as the indicator. The method was tested by its application to a 
considerable variety of pure nitro-compounds, including at least one isomeric form of all those which 
were expected to be produced by nitration. In almost all cases the results were correct to within 0-2% 

one exception was m-nitroanisole which, because of an impurity, persistently gave results 4% 
high 


In the chemically followed kinetic runs on the nitration of nitrobenzene in absolute nitric acid, noted 
under method (4) above, we traced the production of the dinitrobenzenes by utilising the coloured 
molecular compounds which nitrobengene and the dinitrobenzenes yield on combination with 
dimethylaniline (Biron and Morguleva, /. Russ. Phys. Chem. Soc., 1914, 46, 1508). The intensity of 
the colour given by any of these nitro-compounds in a large excess of dimethylaniline is proportional to 
the concentration of the nitro-compound. The colour produced by nitrobenzene is oul » low, whilst 
that given by the dinitrobenzenes is an intense red; and thus, measuring the 2 of the red 
colour, it is possible to determine the dinitrobenzenes. h the accuracy of the method is low, it 
was sufhcient for the purpose we had in view, which was to . in the case of these rapid nitrations, 
that the part of the reaction which could be followed dilatometrically was indeed a part of the mono- 
nitration process. Our method was to make the diluted — and extract them with ether , 
and then, after drying and evaporating the ether, to make * a fixed volume with dimethylaniline, 
and measure the intensity of the colour. This was done with the aid of a Spekker absorptiometer, 
employing green filters, which transmit only light which is not absorbed by the nitrobenzene compound 
but 1s absorbed by the dinitrobenzene compounds. 


(5.3.2) Determination of Nitrous Acid.—Benford and Ingold (Part 1, loc. cit 
for the determination of nitrous acid, which is based on an earlier method due to 
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of an azo-dye, 


The volumetric method is based on the oxidation of nitrous acid by chioramine-t. 

amount of the solution to be analysed was made up to a known volume with water, and 
measured samples of the diluted solution were delivered into bottles, there to be mixed with 
———. some glacial acetic acid, and of a standard solution of chioramine-r. 

es were shak _and, after 1520 minutes, were treated with an excess of potassium iodide 
cok cnel epaees ead Gaomnemine, with starch as indicator. Blank experiments showed 
that no sensible error was caused by the presence of the aromatic compounds in some of the solutions 
analysed — for low nitrous acid concentrations, the 
titre-differences are small, and the determinations 








procedure. The new method consisted in de 
just as before, and then measuring the colour intensity by means of a Spekker absorptiometer, without 
the employment of any permanent colour standard. 


Green filters were used in order to secure strong absorption. The left-hand cell and one right-hand 
cell of the an were filed with water, and the other mght-hand cell with a solution containing 
the azo-compou: Se Sarees See was closed, and the drum set to zero, with the two water cells in 
line ; and the es the — of anometer was then adjusted to give a full scale deflection. The cell 
contaming the azo-colour was now substituted for the water cell on 





comstructed connecting the drum reading with the concentration of nitrous acid. necessary 
only to repeat the procedure with the solution to be analysed, note the drum reading, and apply the 
calibration curve 
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494. Kinetics and Mechanism of Aromatic Nitration. Part III, 
Nitration in Acidified Aqueous Nitric Acid. 
By E. S. Hateerstapt, E. D. Hucues, and C. K. Incorp. 


solutions of nitric acid, containing some 
studied. It oats peste Oak 
some 


acid largely, ionised, 
It is shown that in these media the nitrations 

d composition on the reaction rate is characterised by rather narrow thresholds, across 
which the nitrations pass, from being very slow, to very fast. An increase of the concentration 
either of nitric acid, or of the strong acid, the concentration of the other being suitable, 
will lead to these thresholds of onset of nitration, which can arive in the of, @4.. 
75 mols. % of water. In the neighbourhood of such a threshold, added te 
accelerates, whilst added sodium or ammonium nitrate retards, nitration 

The thresholds show that the nitrating agent in these aqueous nitrations is not the nitric 
acid molecule, the concentration of which changes relati 
of the medium. It could be the nitric acidium ion, NO,*, 
formation of which is likely to exhibit thresholds, owing to a diversion of the 
lost by the strong acid, from uptake by water towards uptake by nitric acid, as the activity of 
the water falis below a more or less critical value in consequence of a progressive in 
of the water in hydrates. The accelerating effect of sodium perchlorate is regarded as a general 
salt effect, operating by reduction of the water activity as the result of an increased formation of 
ion hydrates. The retarding effect of sodium or ammonium nitrate is considered to be the 
overall result of this accelerative general salt effect, and of a more powerful, specific, retarding 
effect of nitrate ions, which are assumed to act by deprotonating the nitric acidiam fon 
(cf. Part Il, Section 2). No evidence has been found that nitronium tons are effective in these 
solutions, in which they may not be able to exist in sufficient concentration, though the 
possibility of their intervention in such conditions is not excluded 





(1) Chemical Conditions in Aqueous Nitration 


(1.1) Baxtstence of the Nitric Acidium lon. The kinetic observations reported in Part II 
provide the first definite proof of the existence of the nitric acidium ion, H,NO,*, inasmuch as 
they show that its reversible production from nitric acid constitutes the first of the two steps by 
which the nitronium ion is formed in nitric acid : 


HNO, + HNO, == H,NO,* + NO, — (i) 
H,NO,* == NO, +H,O. .. (2) 


The experimental! evidence was concerned with aromatic nitration by nitric acid in constant 
excess in organic solvents such as nitromethane and acetic acid. It could be shown by reference 
to the changes in kinetic order that, under these conditions, the nitrating agent was always the 
nitronium ion. There were two limiting kinetic types of nitration, the first-order and zeroth- 
order types the former applying to the less reactive aromatic compounds, such as di- and 
tri-halogenobenzenes, and the latter to the more reactive compounds, such as benzene and 
toluene. It was found that nitration, in both these kinetic forms, was strongly accelerated by 
the addition of small amounts of an acid stronger than nitric acid, and was strongly retarded 
by the addition of small concentrations of nitrate ions; and that both these effects on rate 
took place without disturbance to the reaction order, even when this was of zeroth 
order. Comparably small concentrations of added water had practically no effect on the rate 

These results show that the production of nitronium ion involves both the uptake by nitric 
acid of a proton, and the elimination from nitric acid of a nitrate ion. The effect of adding 
small amounts of an acid stronger than nitric acid is to increase the proton uptake by a 
generalised form (1*) of reaction (1) : 


HNO, +HX — HNO 4X- . pg gy 


The effect of adding nitrate ions is to reverse the reaction stage (1) in which nitrate ion is 
produced. And since these effects, the second in particular, apply to zeroth-order nitrations, 
the stage reversed (1) cannot be that in which the nitronium ion is produced (2), because it is 
essential for zeroth-order nitration that nitronium ion production should not be appreciably 
reversed, 1.¢., that substantially all the formed nitronium ion should combine with the aromatic 
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compound. This proves the two-stage nature of the process, and the intermediate formation 
of the nitric acidium ion. 

(1.2) Possible Nitrating Agents in Aqueous Nitric Acid —Water is in a different case from 
the nitrate ion. Water is not produced simultaneously with the nitric acidium ion in reaction- 
stage (1). It is consistent that in zeroth-order nitration its retarding action is trivial in 
comparison with that of the nitrate ion. On the other hand, water is produced simultaneouly 
with the nitronium ion in reaction-stage (2); and thus the addition of enough water should 
cause reversal of that reaction stage. Therefore, if we are observing a zeroth-order nitration 
of one of the more reactive aromatic compounds, the addition of sufficient water should retard 
the reaction, and should change the zeroth-order kinetics into first-order kinetics; for first- 
order nitration by nitronium ion results when nearly all the formed nitronium ion goes back into 
what it came frum, only a small proportion combining with the aromatic compound. 

This presupposes that, in the presence of much water, nitration continues to take place 
through the nitronium ion. However, it can be imagined that the water added might be 
sufficient completely to destroy the nitronium ion, leaving the possibility of nitration through 
the presumably less reactive nitric acidium ion. Any such nitration also should have a reduced 
speed, and should be kinetically of the first order. The latter conclusion follows because the 
nitric acidium ion can safely be assumed to be destroyed much more rapidly by the proton 
transfer which reverses the process of its formation (reaction | or 1°) than it will be by 
combination with an aromatic molecule. 

It is difficult to distinguish between these two possible mechanisms, viz., (a) nitration by 
the extremely minute amounts of nitronium ion that might survive in equilibrium with a great 
excess of water, and (6) nitration by larger equilibrium amounts of nitric acidium ion in these 
conditions, We have not succeeded in devising a critical experimental distinction. However, 
as has already been reported in a preliminary way (Nature, 1946, 158, 514), we have studied the 
kinetics of aromatic nitration under conditions which are calculated very strongly to repress 
nitration by the nitronium ion, and to favour to the greatest possible extent nitration by the 
nitric acidium jon 

(1.3) Entities Present in the Nitrating Solutions.—In this work, the organic solvent of the 
experiments of Part If has been replaced by water. This was done in order to destroy the 
nitronium ion as completely as possible. And the aqueous solutions have been acidified with a 
very strong acid, usually perchloric acid, in order to increase the production of nitric acidium 
ion. A typical composition of a nitrating solution would contain 70-—75 mols. % of water, 
whilst of the remaining material usually more than half would be nitric acid and less than half 
perchloric acid. In some experiments a salt was added, such as sodium perchlorate, sodium 
hydrogen sulphate, sodium nitrate, or ammonium nitrate 

It is important to note that, in mixtures of this type, nitric acid is only slightly ionised as an 
acki. On the other hand, perchloric acid is completely dissociated. Its strong acidity is, no 
doubt, partly responsible for the relative lack of acidity of the nitric acid. Dr. D. J. Millen 
established for us the existence of these conditions by examining the Raman spectra of some 
typical nitrating mixtures. In illustration, one of his microphotometer records is reproduced 
in Fig. 1. It relates to the nitration solution which was made up for kinetic run No. 103, and 
which had the following molecular composition : H,O, 72; HNO,, 17; HCIO,, 11 mols. %. 

The Raman spectrum shows that the perchloric acid is completely converted into perchlorate 
ton the spectrum of this ion is prominent, even the diffuse line around 1115 cm.-' (cf. Millen, 
J, 1950, paper no. 509) being well recorded, whereas the characteristic spectrum of the perchloric 
acid molecule is entirely absent. On the other hand, the spectrum of the nitric acid molecule is 
strongly developed, whilst the spectrum of the nitrate ion is quite weak. Intensity measure- 
ments show that only 4% of the total nitric acid, 1.¢., only 0°68 mol. % of the whole mixture, is 
in the form of nitrate ion 

No trace of the easily detectable nitronium jon line can be found in the spectrum. What 
the spectrum cannot tell us is how much of the nitric acid is ionised as a base to form nitric 
acidium won. The 11 mols. % of hydrogen ions, split off from the perchloric acid, must have 
added themselves either to water molecules to form hydroxonium ions, or to nitric acid molecules 
to give nitric acidiam ions; but we can find neither in the Raman spectrum. This is a well- 
known difficulty . no simple or substituted hydroxonium ion has yet been induced to yield a 
Raman spectrum. The generally accepted explanation, due to Bauer, is that such ions 
exchange their protons too frequently to yield well-defined vibrational energy levels 

The spectrum nevertheless establishes that a large proportion of the introduced nitric acid 
is present as nitric acid molecules. The 11 mols. % of hydrogen ions derived from the added 
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perchloric acid must be distributed in some unknown ratio between the water and 
acid; and, even if all the hydrogen ions should have added themselves to nitric 
would still be 5 mols. %, calculated on the total mixture, of surviving molecular 
out of the 17 mols. % of added nitric acid, since less than | mol. % is present 
This is important, because we shall show later that small changes i 
nitrating solution, ¢.g., the use of a little more or a little less perchloric acid, 
changes in the rate of nitration, whereas it could not, 

the hydrogen ion is distributed between water and 
concentration of molecular nitric acid. From this we shall conclude that nitration 
nitric acid is not under observation in the present experiments. 
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Microphotometer record tte cohen of the Raman spectrum of the nitration solution of Run No, 103. Stokes 


limes excited (The perchlorate ion frequency 935 cm.*, excited by Hg 4347-6 a., can be 
seen at x.)— oD J. Mues. 


Another conclusion towards which the spectral evidence helps is that, if nitration is by the 
nitric acidium ion, then this must be present in comparatively small concentration : it cannot 
result from a nearly complete addition of the hydrogen ions, derived from perchloric acid, to 
nitric acid rather than to water. For if it did, the concentration of nitric acidium ions would 
not be a particularly sensitive function of the analytical composition of the nitration mixture 
it would, over considerable ranges, change proportionately to the introduced perchloric acid, 
whereas we shall find that the rate of nitration changes much more steeply. 

In some experiments an aqueous sulphuric acid medium, instead of aqueous perchloric acid, 
wasemployed. Qualitatively the situation was similar; the sulphuric acid was largely ionised, 
whilst the nitric acid was present mainly, but not wholly, in its molecular form. This again 
was established by Dr. Millen’s examination of the Raman spectra. However, these Raman 
spectra were unsuitable for intensity measurements, owing to overlapping of the relevant lines 

(1.4) Reactivity of the Ar tic Compounds Nitrated.—Some explanation is necessary 
concerning the choice of aromatic compounds for nitration in the conditions described. We 
did not regard the well-known aqueous nitration of phenol as providing evidence concerning 
general mechanisms of aromatic nitration in aqueous solution, because special mechanisms of 
nitration operate in the nitration of phenol and aniline and their derivatives. We were 
concerned with general mechanisms of nitration : mechanisms applying to particular types of 
compound seemed to us to need separate consideration afterwards (Parts V1I-—VIII, 
J ., 1960, paper no. 512 ef seq.) 

It was necessary to employ water-soluble aromatic compounds; we used 2-phenylethyl- 
sulphonic acid, and, to a smaller extent, benzylsulphonic acid. Ingold, Ingold, and Shaw have 
given evidence that the latter nitrates through its anion (j., 1927, $13); and, having regard to 
the known effect of negative ionic charges in accelerating aromatic substitution, it seems highly 
probable that both these strong acids nitrate through their anions. (We always introduced 
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the acids as their soclium salts, supposing that in this form they would make the smallest initial 
disturbance to the concentration of hydrogen ions and of the other active components of the 
nitration medium ) 

The rates of nitration of the two sulphonic acids have not yet been investigated by the 


competition method of Ingold and Shaw (/., 1927, 2018); and therefore it is not known by 
direct observation where they stand, relatively to benzene itself and to other simple benzene 
derivatives, with respect to their reactivity in nitration. However, it is known that benzyl- 

acid, on mononitration, gives 14%, of the m-nitro-isomeride (Ingold, Ingold, and 
Shaw, Joc. cit.), and that this proportion is not very different from those given by ethyl pheny!- 
acetate (11%) or benzyl chloride (15%) (Baker and Ingold, J., 1927, 832; Flirscheim and 
Holmes, J., 1928, 1611; Ingold and Shaw, /., 1949, 575)—-two compounds which have been 
investigated by the competition method. It has been shown that the former of the two 
compounds nitrates more quickly, and the latter more slowly, than benzene, but that both 
nitrate at rates which are the same as that of the nitration of benzene to within a factor of 4 
(Ingold and Shaw, /., 1949, 575). Using our general theoretical ideas concerning the connexion 
of orientation with reactivity, we may infer with some assurance that the rate of nitration of 
ionising benzylsulphonic acid will be the same as that of benzene to within a small multiple 
Again, taking account of our knowledge of the effect of side-chain homology on orientation, we 
may conclude, though with a somewhat larger margin for possible deviation, that the rate of 
nitration of 2-phenylethylsulphonic acid will be the same as that of toluene to within a small 
multiple. A rough check on these conclusions may be derived from the fact that, whilst toluene 
has been shown by the competition method to nitrate 24 times faster than benzene (Ingold, 
Lapworth, Rothstein, and Ward, /., 1931, 1959), 2-phenylethyisulphonic acid has been found 
in the present kinetic investigation to nitrate 11—-12 times faster than benzylsulphonic acid 
A more exact numerical correspondence could not be expected. Therefore, with respect to 
their intrinsic reactivities in nitration, ionising benzylsulphonic and 2-phenylethylsulphonic 
acids may be regarded as approximately the equivalents of benzene and toluene, respectively, 
and hence as belonging to that more reactive group of aromatic compounds for which nitration 
in organic solvents can assume a zeroth-order form under the conditions of the experiments of 
Part If (J., 1960, 2400) 


(2) Kinetics of Aqueous Nitration 


(2.1) General Form of Kinetics.—As in the work described in preceding papers of this 
series, dilatometry has been the principal means by which the reaction kinetics have been 
followed in the study of nitration here reported. Chemical examination was used occasionally 
for checking the interpretation of the volume changes. 

In the aqueous-acid solutions which have been employed for nitration in these experiments, 
the nitric acid was always present in constant excess over the aromatic compound. Under 
these conditions, the nitrations of both 2-phenylethylsulphomic acid and benzylsulphonic acid 
obey a first-order rate law with considerable accuracy. In illustration, Figs. 2—5 are given 
which show logarithmic plots of the variable part of the dilatometric height against time. The 
examples are chosen to illustrate the use of both the aromatic sulphonic acids, of both the 
added strong acids, of medium compositions distributed over the range of compositions 
investigated, and of added salts. First-order kinetics were invariably observed: a careful 
search was made for signs of the incursion of a zeroth-order process, but none could be found. 

(2.2) Effect of Medium Composition on Nitration Rate.-The most salient feature of the 
connexion between the composition of the nitration medium, and the rate at which, at a fixed 
temperature, a given aromatic compound will be nitrated in it, is the existence of what may be 
called “ thresholds "' of reactivity in certain regions of composition. For instance, one may 
study the rate of nitration of a particular substance, at a fixed temperature, in an aqueous nitric 
acid of given concentration, to which progressively increasing amounts of perchloric acid are 
added | it is then found that no appreciable reactivity is developed until a certain stage is 
reached in the addition of the perchloric acid, but that, then, the reaction rate rises to very 
high values for quite small further increases in the content of perchloric acid 

Results are given in Table I for the first-order rate constants of nitration of 2-phenylethy!l- 
sulphonic acid at 30°1° in a certain aqueous nitric acid (containing 18 mols. %, of nitric acid 
and 82 mols. %, of water), to which increasing proportions of perchloric acid were added. From 
the graph of the results, which is shown in Fig. 6, one sees that there exists a fairly narrow band 
of concentrations of perchloric acid, running from about 8 to about 1) mols. %, below which the 
reaction was too slow to be measured, whilst above it the reaction was too fast to be measured 
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Fics. 2—5. 
Kinetic course of mitration by acid-aqueows mitrie acid. 
(2) (3) 
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(2) Run No. 91. Nétration of sodium 2-phenylethyleulphonate by nitric acid im aqueous —— 
0° 


Medium H,O, 765; HNO, 12:3; CIO, 11-3 mols % Temp. 1 5* 
y 


(C,H, SONa) = 0-160m. From the graph k, ~ 0-0004465 sec. Guggenhewm's method, k, 
0000432 sec. 


(3) Run No. 111. Nitration of sodium 2-phenylethylsuiphonate by nitric acid in asus pees acid 
Medium : H,O, 67-7; HNO, 26-6; HOO, 6-8 mols. %. Temp. 30-10°. Initially, | oSO0, Na) - 
© 160m. From the graph, k, ~ 0-00530 sec. By Guggenheim's method, k, = 0 7 sec. 

(4) Run No. 160, Nitration of sodium 2-phen lethylsulphomate by miiric acid im aqueous chlorvc acid 
with added sodium nitrate. Medium : Ho, 72-6; HNO, 17-2; HClO, 10-2 %. Temp. 


30-10". [NaNO,) = 0-882m. Initially, ‘Ct SO Ma) = 0 160m. From the graph, k, =~ 0001 
sec. By Guggenheim’ s method, k, = obcle! ont 


(5) Run No. 30, Nttration of sodium bensylsulp homaie by mi acid im aqueous sulphuric acid) Medium : 


H,O, 743; HNO, 70; H,SO, 18-7 mols. %. Temp. 30-06". Initially, AS ite pe = O164m 
From the graph, k, = 0-000342 sec ~* By Guggenheim’ s method, k, = 0-000 


first-order law 1s obeyed 
of plotting in onder to ‘aces the vate constant. G 


giving the best values of vate constants ; but if is mot well suited for exhibiting small deviations from 
an tntegral reaction order.) 


A similar effect was encountered when, starting with an aqueous perchloric acid of fixed 
concentration, progressively increasing amounts of nitric acid were added. The left-hand part of 
Table Il contains a set of rate constants for the nitration of 2-phenylethylsulphonic acid at 
301° in an aqueous perchloric acid (containing 9 mols. % of perchloric acid and 91 mols. % of 
water), with various proportions of added nitric acid. The right-hand part of the Table contains 
a similar set of figures relating to another aqueous perchloric acid (containing 13 mols. %, of 
perchloric acid and 87 mols. % of water), along with added nitric acid. The rate graphs for 
these two sets of mixtures are in Fig. 7. Their difference of position illustrates another general 
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Tastz I 
Effect of the concentration of perchloric acid, added to a given aqueous nitric acid, on the first-order 
vate constants (k, im sec) for the nitration of 2-phenylethylsulphonic acid at 30°10". 
(Initially, (C,H,SO,Na) = 0-160m., throughout.) 
Mols. % Mols. % 
“HO. HNO, HOO, 10%, Run No. “H,O. HNO, 
(Throughout, HNO, H,O — 18-0 : 8240 mols. %.) 
765 16-7 
751 16-6 
7140 164 
737 163 








E ffect of perchiortc acid concentration on the rate of nitration of 2-phenylethylsuiphonic acid 
at 30-10" im aqueous witric ac 





HNO, 4,0 
*/80-820 
mo/s 











6 
Mo/s. MHC, 


Taste Il 
Effect of the concentration of nitric acid, added to a given aqueous perchloric acid, on the first-order 
vate constants (k, in sec") for the nitration of 2-phenylethyisulphonic acid at 30°10° 
(Initially, (C,H, SO,Na « 0-169m., throughout.) 
Mols. % Mols. % 








— 


Run No. “H,O. HNO, HCO, 104, Run No. H,O. HNO, HCIO,. 10%, 
(Throughout, HCIO,: H,O =~ 92: 90-8 mols. % (Throughout, HCIO,:H,O = 12-8: 87-2 mols. %.) 
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point, vie, that the threshold of reactivity, as developed by the progressive addition of nitric 
acid, appears at a higher content of nitric acid the lower the proportion of perchloric acid in the 
original aqueous perchloric acid 

Similar thresholds are found when we keep the nitric and perchloric acids in a fixed ratio 
and dilute with increasing amounts of water. In this case we descend a steep curve qualitatively 
hike those shown in Figs. 6 and 7, thereby passing, for a relatively small change of composition, 
from reactions which were too fast to be measured to others which were too slow to be measured 
in our conditions 
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and medium 
in which the 


and 7 constitute, together with a number of scattered observational points. 

in the form of a contour map in Fig. 8. This shows that, as we travel “ south " from the water 
apex towards the contours, we remain <t “’ sea-level * for a considerable distance, then come to 
a “ shelving beach,” and then, quite quickly, to a “ steep cliff.” As to the mechanism of 
nitration, it follows directly from these threshold phenomena that the nitrating agent cannot 
be the nitric acid molecule (Section 1.3). 

Fra. 7. 
Gent of clive antl conenainn $0 Dewi aS TN ae 
at 30-10° 1m aqueous perchloric 





HCLO,: HzO 
*92:90-8 
mols 


HCLO, 4,0 
*126:872 
mo/s 





4 — — 1s 
Mols. %HNOs 


The same results have further implications. It follows from what was stated in Section 1.3 
that, as we travel away from the water apex, towards the interior region of the composition 
co-ordinate system, three main new species appear in the solutions, viz., solvated hydrogen ions, 
perchlorate ions, and nitric acid molecules. Now we know that cations and positively charged 
centres are in general much more strongly solvated by water than are anions and negative 
centres. Therefore, in comparison with other effects of which we have to take account, the 
effect of the perchlorate ion on the activity of the water may be neglected. However, the 
hydrogen ion and the nitric acid molecule form the stable monohydrates, H,O* and 
H,O . . . HO-NO,, respectively; and both entities can probably combine more loosely with 
additional water to form higher hydrates. It will be evident that the continued production of 
these hydrates, as protons derived from perchloric acid and as nitric acid molecules are 
progressively supplied to a fixed amount of water, must lead to a stage at which a relatively 
sharp decrease in the activity of the water will occur because a high proportion of the originally 
available water has already become bound in the hydrates present in such solutions. We 
assume that, so long as free water is in excess, most of the protons derived from perchloric acid 
will combine with water, rather than with nitric acid; i.¢., that, in these solutions, water will 
behave as a base which is at least as strong as nitric acid. We also adopt Gillespie and Millen’s 
structure for nitric acid monohydrate (Quart, Reviews, 1948, 2, 88) rather than Dalmon and 
Freymann's structure HO-NO, . . . H,O: this is in accordance with the expectation that a 
moderately acidic molecule, such as nitric acid, should be hydrated mainly through its positive 
centre, viz., its ionisable proton. The implication is that hydration, by partly neutralising the 
positive centre, must increase the basic strength of nitric acid. Therefore, as the water becomes 
progressively bound, the nitric acid being largely hydrated, there must be a shift in the relative 
efficiencies with which the two entities, water and nitric acid, compete for protons; and thus the 
above-mentioned sharp decrease in water activity will be accompanied by a similarly sharp 
increase in the proportion in which protons, derived from perchloric acid, will be bound by 
nitric acid. It is to this sharp increase in the formation of nitric acidium ion that we ascribe 
the observed sharp increase in nitration rate in the relevant region of composition 


7s 
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(2.3) Effect of Added Salts on Nitration Rate —From the theory of the nitration process, it 
is to be expected that the addition of nitrate ions, in the form of sodium or ammonium nitrate, 
will reduce nitration rate; and that it will do this by reversing reaction (1) (cf. p. 2441), thereby 

the equilibrium concentration of nitric acidium ions. 


the 
and 2450. 





The same expectation follows, if we use our empirical knowledge (a) that, in the range of 
media investigated, the perchloric acid is completely dissociated, whilst the nitric acid is nearly 
completely undissociated ; and (6) that the rate contours, over this range of media, lie, as Fig. 8 
shows, more nearly normal to the co-ordinates of perchloric acid concentration than to the 
co-ordinates of nitric acid concentration. For the addition of, say, sodium nitrate must be the 
approximate equivalent, apart from any effect due to sodium perchlorate, of replacing an 
equimolecular amount of ionised perchloric acid by a corresponding quantity of non-ionised 
nitric acid; and this replacement is represented by a shift from left to right in Fig. 8; and 
therefore it must lead to a descent through the rate contours. 

We have examined the effect of adding sodium or ammonium nitrate on the rates of nitration 
of 2-phenylethylsulphonic acid in a number of aqueous nitric acids containing either perchloric 
or sulphuric acid. In all cases the rates are decreased by the added nitrate. Some results 
concerning the effect of sodium nitrate on the first-order rate constants, measured at 30-10° in 
five aqueous solutions of nitric and perchloric acids, are given in Table III. The effect is 
illustrated by the graphs in the lower part of Fig. 9. Here, the rate constants for each group of 
experiments involving the same medium with different amounts of added salt, are expressed in 
terms of the rate in the salt-free medium as the unit. 

The five groups of experiments are numbered |—5 in Table III and Fig. 9, and the 
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Fis. 9. 
E added sodium mitrate and of added sodium the nitration of 2-phenyiethyi- 
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Mols. of salt per 100 mols. of medium. 
® Series 2. © Series 3. @ Series 4. 
(For medium compositions see Table 111 and Fig. 8.) 





compositions of the media, which were employed in them, are indicated by 
numbered points in Fig. 8. It can be seen from Fig. 9 
sodium nitrate vary with the medium, but lie within the 
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Taste III. 
Ae Sine ene Sil whe eae tay mentale Oy ———“ 
2-phenylethyisulphomic acid at 30°10° im aqueous solutions of mitric and perchloric acids 


(Initially, (C,H,SO,Na) = 0-169m., throughout.) 
Mois. NaNO, per Mois. NaNO, on 
Kun No. 100 medium. 10*A ,. Ran No. 100 


Series 1: H,0, 67-4; HNO, 26-7; HCIO, 65 mols. %. 


; HNO, 170; HCIO, 10-6 mols. %. 
0-56 
0-75 
1-04 

; HNO, 17-2; HCO, 10-2 mols. %. 
159 1-52 
160 2-12 


Serves 4. —Medium composition , 711-2; HNO, 21-8; HClO, 7-0 mols —* 
0-00 
Om 
0-32 
oa 
0-66 
Medium composition . 766; HNO,, 13-0; 


0-00 
0-24 
0-71 
0-98 


Taste IV 


Effect of added sodiwm perchlorate on first-order rate constants (k, im sec-*) for the nitration 
of 2-phenylethylsulphonic acid at 30°10° im aqueous solutions of nitric and perchloric acids 
(Initially, (C,H,SO,Na) =~ 0-160m., throughout.) 
Mols. NaClO, per Mols. NaCiO, per 
Run No 100 of medium 10k ,. Ran No 100 of medium. 1042, 
Series 3 Medium composition as for Series 3 in Table III. 
24-8 
28-0 155 1-06 
31-5 


This effect of sodium perchlorate on the rate of nitration was directly confirmed by 
experiments such as those of the series recorded in Table IV. In this series, 2-phenylethyl- 
sulphonic acid was nitrated at 30°10° in solutions prepared by adding successively increasing 
amounts of sodium perchlorate to a medium of the same composition as was used for one of the 
groups of experiments on the effect of added sodium nitrate (Series 3 of Table III). Sodium 
perchlorate was thereby shown to have a marked accelerative effect on nitration in aqueous 
nitric and perchloric acids. This is illustrated by the uppermost curve in Fig. 9. A positive 
kinetic effect of salts on nitration in this type of medium is probably general for salts of very 
strong acids, since we have observed it again with sodium hydrogen sulphate as the added salt. 
(It is on this account that standard concentrations of sodium 2-phenylethylsulphonate or sodium 
benzylsulphonate were used in nearly all the present experiments ) 

It need hardly be said that the kinetic behaviour of ionised salts in media already very 
concentrated with respect to ions cannot be treated on the basis of the theory of salt effects 
at low ionic strengths. A simple (and probably over-simplified) way of regarding the effect of 
non-reacting salts, such as sodium perchlorate, on nitration rates in aqueous nitric acid containing 
a strong acid, such as perchloric acid, is to suppose that the salt, presumably acting mainly 
through its cation, binds water, thereby making water less available for the binding of protons, 
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which accordingly combine to a greater extent with nitric acid, thus forming 
equilibrium concentrations of nitric acidium ion. eens ee ae 
to assume in order to account on this simple basis for the observed kinetic effects 
not excessive. Thus, as one can find by measurements on the model represented 
gradient of the sodium perchlorate curve shown in Fig. 9 would be given correctly 


hydroxonium ion; from which it was transferred, by way of nitric acid, to the aromatic 
only to become the charge on a hydroxonium ion again at the end of the reaction. 
the nitration process displaces ionic charges but does not create or destroy them. 

(2.4) Effect of Temperature on Nitration Rate.—This has been cursorily 
for the nitration of 2-phenylethylsulphonic acid in aqueous solutions of nitric and perchloric 
and for the nitration of benzylsulphonic acid in aqueous solutions of nitric and sulphuric acids, 
in each case over temperature ranges of only about 20°, no special attempt having been made 
to secure high accuracy in the measurement of the temperature coefficients. In the conditions 
used, the apparent energies of activation, E, in the equation 4, — Be~*/*T, lay within the 
interval 17—20 keals. g.-mol.~', whilst the frequency factors, B, lay in the range 10°* to 
10°¥8 sec. An illustrative series of measurements is recorded in Table V. 


Taste V. 
Effect of temperature on the first-order vate constants (k, im ph nthe Reyer 
2-phenylethylsulphonic acid in an aqueous solution of mitric and perchloric acids 
(Initially, (C,H,-SO,Na) = 0-160. throughout.) 
Medium : HO, 72-6; HNO, 17-2; HCIO,, 162 mols. %. 
Ran No. Temp. (°x.). 10¢4, (obs.). 10%, (calc.).° Run No. Temp. (*x.). 10%, (obs). 104A, (cale.).* 
166 293-1 815 87 165 2052 35-5 38-0 
182 303-2 24-8 23-4 163 3130 62.2 57-5 
* Calculated from the equation 4, « 7-5 x 10° x e-17,s00;mr, 


(3) Experimental Methods. 
(3.1) Materials.—Sodium 


benzy and purified bn maui from ethy! alcohol 
1 chioride sodium sulphite. it was ec tumes y 
(Found: C, 43-6; H, 42; S, 16-4; Na, 11-7, Cale.: C, 43-3; H S, 165; Na, 11-8%). 

Sodium Pi -y lethyisulphonate prepared — by 
conversion —— — — * 
—— unconverted alcohol, with tion of sodium 
sulphite (cf Rupe. Annalen, 1913, 396, 114; Evans, Mabbott, and Turner, —* i927, 1161). The salt 
was ternately w it with ethyl! alcohol and crystallising it from water several 
(Found : Na, th, 11-05. Cale.: Na, 11-05%). 

(3.2) Dilatometric Methods.—The dilatometers of — ee 
with the aqueous solutions involved in 


uel 


— 


level of the meniscus, which falls during the course 
Nitration media were made up from sulphuric acid, or from aqueous acid, each 
as pure, from nitric acid, free Px te nitrous acid, prepared as deouribed Part Il (/., 1980, 
from water. When measurements of volume were involved, densities also were measured 
bottle, in order to permit the expression 
desired form. The inorganic salts, —— nitrate, 
ee ate, all crystallised several 


The required ¥ of Gn calunn wale 8 — acid was placed in a graduated 
flask, and there ved in the nitration medium by shaking at 0°. The solution was made up to the 
mates 08, nn cans Chane Shenetenes $06 Sel> 5 Semin See aeeny See ee Sek ere 
gas in the mped out for some minutes with a rotary oil of this 
— On to ovale te on —— of tabhiee cf outa Ge dictameie.” A 
of the de-gassed solution was then ht more nearly to the temperature, usually between and 
40°, at which the kinetic run was to be conducted, and was transferred by suction into the dilatometer 
already immersed in the thermostat 
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495. Kinetics and Mechanism of Aromatic Nitration. Part IV. 
Nitration by Dinitrogen Pentoxide in Aprotic Solvents. 
By V. Gov, E. D. Hucmezs, C. K. Incotp, and G. H. Wirziass. 


The kinetics have been studied of the nitration of a number of halogen- and carbalkoxy!- 
substituted benzenes by dinitrogen pentoxide in aprotic solvents such as carbon tetrachloride. 
The kinetics are complicated ; but analysis shows that there is a simple limi kinetic form, 
which its distinguished as the uncatalysed reaction, and that upon this may su 
small, mediem, or large amounts of one or more of a family of reactions, all catalysed by nitric 
acid. On this account, the total reaction may be appreciably, or even strongly, autocatalysed 
by the formed nitric acid. The uncatalysed reaction can be approximately isolated ; it is a 
ceend ender pousnae chaning the Sit law » « (ArH)(N,O,). Its rate has a normal tem: ture 
coeficient rate is increased in more polar solvents, but the effect is small. On the other 
hand, the reaction shows a large positive salt effect, ionic nitrates behaving in this ot no 
differently from salts of other anions (contrast results given in Parts Il and III); t the 
salts appreciably disturb the kinetic form of the reaction. The catalysed reactions have lower 
temperature coefficients than the uncatalysed, and depend on higher powers of the nitric acid 
concentration than the first power. Consequently the catalysed reactions, including the auto- 
catalytic effects, are made prominent by the use of low temperatures, and of high concen 
trations of initially introduced, of of formed, nitric acid. By using conditions which admit 
the catalysis only in a mild form, a single reaction of the catalytic family is — — Its = 
is proportional to the square of the nitric acid concentration, », a (ArH)(N,O,)/HNO,)* 
the more strongly developed forms of catalysis and autocatalysis involve rates, or ‘al 
rates, depending at least on the cube of the nitric acid concentration, e, « [ArH)(/N,O,)[HNO,)*, 
and probably on higher powers 

The uncatalysed reaction is interpreted as a nitrating attack on the aromatic molecule 
by the covalent dinitrogen mtoxide molecule. This agrees with the kinetic form of the 
reaction, with the absence of retardation by ionic nitrates, and with the small solvent effect 
on rate. Observations on prodacts are consistent with the view that a reagent other than the 
em ion is at work. The strong positive salt effect is attributed to the effect of ions in 

ee ionisation of dinitrogen pentoxide, and therefore in leading to more rapid 
—8* y nitronium ion, with disturbance to the kinetic form of the reaction. 

The nitric-acid-catalysed reactions are interpreted as nitroniam ion reactions, arising from 
the ionising action of nitric acid on dinitrogen pentoxide. The smallest number of nitric acid 
molecules which could be effective for ionising a molecule of eg oy pentoxide 1s considered 
to be 2; but higher numbers, 3 and 4 particularly, are likely to utilised when available. 
Each tonised solvate produces a form of nitronium ion, and each contributes a nitrating 
reaction to the family of catalysed nitrations. The conclusion that the nitronium ion is at 
work is supported by the observation that the ratio in which chloronitrobenzenes are formed 
by the strongly catalysed (but not by the uncatalysed) nitration of chlorobenzene by dinitrogen 
pentoxide, is substantially the same as the ratio in which they are formed in the nitration 
of chlorobenzene by nitric acid 


) Object and Background 

(1.1) Atm of this Work —The suggestions were made in Part I (Benford and Ingold, ]., 1938, 
955) that a molecule X-NO, will be capable of acting as a nitrating agent if X attracts electrons 
sufficiently strongly, and that the nitrating efficiency of such a molecule will largely be deter- 
mined by the electron-attracting power of X. The most efficient nitrating agent arises when 
X attracts the shared electrons so strongly that it carries them away, so that one is left with 
the free nitronium ion. By covalently combining the nitronium ion with bases of successively 
increasing strength, a series may be constructed of real or possible nitrating agents, which 
should have progressively diminishing efficiencies, ¢¢., 


O, H,O-NO,, OYN-O-NO,, PhrCO-O-NO,, HO-NO, 
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In Part II (/., 1950, 2400) nitration by the nitronium ion was established, and its mechanism 
was determined. In Part III (/., 1950, 2441) an investigation directed to the study of nitration 
by the nitric acidium ion was described. It is interesting to see how far along the above series 
nitration can be realised; and therefore, in this paper, we describe a study of nitration by 
dinitrogen pentoxide. Nitration with the molecular form of this reagent is realised; but, as 
we shall find, the details are complicated owing to the great facility with which covalent 

pentoxide breaks down into its ions. 

(1.2) Previous Work on Nitration by Dinitrogen Pentoxide.Considering how often it has 
been suggested that the nitrating action of nitric acid, or that of mixtures of nitric and sulphuric 
acids, is due to dinitrogen pentoxide, the amount of exact information in the literature con- 
cerning the nitrating properties of dinitrogen pentoxide is remarkably slight. Lothar Meyer 
states (Ber., 1889, 23, 23) that Giersbach used it below 55° in the conversion of benzene into 
dinitrobenzene. Bamberger (Ber., 1894, 27, 5684) and Hoff (Annalen, 1900, 311, 92) studied the 


N- and C 
(J. Amer. Chem. Soc., 1925, 47, 1419) that benzene, toluene, and bromobenzene were very rapidly 
nitrated by dinitrogen pentoxide in carbon tetrachloride : 


N,O, + ArH = ArNO, + HNO, 


bat that nitrobenzene was not thus nitrated, ge BO Rpm ph bend en neo 
id dini , 1919, 52, 315) used a solution of dinitrogen 


without hydrolytic loss of chlorine, for the purpose of a quantitative study of the orientation 
of nitration; and Cooper and Ingold (J., 1927, 836) employed the same reagent, with the same 
object, in the example of the nitration of benzoyl chloride. 

——— enc tg gh bo eh Bee 2 mnie bower bh ve 

tioned (Z. anorg. Chem., 1924, 141, 231), though, as regards the nitration mechanism which 

involved, it is more closely connected with Part IT than with this paper. 
a given amount of dinitrogen pentoxide, dissolved in sulphuric acid, acted like 
molecules of nitric acid, dissolved in the same solvent, with respect to the rate 
xylene-4 : 6-disulphonic acid is nitrated in such solutions. We now understand that thi 
because the solvent converts both solutes quantitatively into nitronium ion, two such i 
being or ro Myra plore ohn pr ye barb yeast gene molecule 
aitrie acid (ef. J. 1950, papers nos. 499, 506, 508). 


(2) Qualitative Description of the Kinetics of Aromatic Nitration by Dinitrogen Pentoxide in 
A protic Solvents. 

(2.1) Conditions and Methods of Kinetic Investigation.—The kinetics of nitration of a number 
of benzene derivatives by means of dinitrogen pentoxide in various aprotic solvents have been 
studied, to a small extent by methods of chemical analysis, but mainly by the use of the 
dilatometer. 

The high rates of nitration placed certain practical limitations on the aromatic compounds 


; pd ; 
benzvate ; ethyl p-toluate; ethyl m-chlorobenzoate ; ethyl phthalate. They all contain 
deactivating halogen or carbalkoxyl! substituents, up to a maximum of three of the former or 
two of the latter. The relative deactivating effects of these substituents can be judged from the 
results of Bird, Ingold, and Smith's experiments by the competition method on the relative 
rates of nitration of certain monosubstituted benzenes (/., 1938, 905, 918). In round figures, 
they found that a single fluorine or iodine substituent reduced nitration rate by a factor of 
about 6, a single chlorine or bromine substituent by a factor of about 30, and a single carbethoxy! 
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rates unduly. A considerable proportion of the kinetic work was accordingly carried out 
either in carbon tetrachloride, or in the 1 : ®NMCT mixture. 

Temperatures were in the range —25° to +25°. The former limit is close to the freezing 
points of carbon tetrachloride and nitromethane, and is also near the lowest temperatures at 
which our thermostatic equipment would work with the high precision necessary for dilatometry. 

For the determination of kinetic form, Ostwald’s isolation method was always employed, 
either the aromatic compound or the dinitrogen pentoxide being kept in constant excess over 
the other reactant. Most of the runs were conducted with the aromatic compound in excess, 
so that the dependence of the rate on the concentration of dinitrogen pentoxide was under 
observation in each experiment. The dependence of the rate on the concentration of the 
aromatic compound was given, in the first place, by comparisons between different runs with 
different constant concentrations of aromatic compound. For some aromatic compounds the 
dependence of the rate on the concentration of aromatic compound was additionally determined 

following runs in which the dinitrogen pentoxide was taken in constant excess 

(2.2) General Kinetic Forms of — — the results of dilatometric runs made 
with the aromatic compound in excess, more than 500 reaction-time curves have been drawn. 
Amongst them, three broad classes can be recognised, viz., (1) approximately exponential curves, 
(2) curves which run nearly linearly for much of their length, and (3) curves having pronounced 
sigmoid forms. Examples are shown in Figs. 1-—3. 

This classification might suggest that, when the aromatic compound is in constant con- 
centration, we have a first-order reaction, a zeroth-order reaction, and an autocatalytic 
reaction, separately, or in superposition. However, a careful study of the curves shows that 
the whole series can be more simply and consistently regarded as a single family formed by the 
mixing of a non-catalysed first-order reaction with an autocatalytic reaction. Almost every 
gradation between the exponential and linear, and between the linear and sigmoid, forms is 
represented amongst the results, and none of the linear curves is more exactly linear than 
could correspond to superposed exponential and sigmond forms. 

This view is strengthened by consideration of the corresponding logarithmic plots, such as 
are illustrated in Figs.4—6. The reactions which we have termed exponential give logarithmic 
plots which are accurately linear, not over the whole reaction, but only over a large proportion, 
say 80-90%, of it; and when an appreciable deviation from linearity does set in, its direction 
always corresponds to a reaction rate rising above the experimental rate in the latter part of the 
reaction. The nearly linear reactions give logarithmic plots to which just the same description 
applies, except that the deviation from linearity is larger, and sets in earlier, ¢.g., after 50-—70% 
of reaction, Finally, the sigmoid reactions give logarithmic plots which are again similar, 
except that the deviation is larger still, and sets in earlier still, ¢.g., after 20-40% of reaction. 
Thus the exponential! reaction appears as an approach to a limiting non-catalysed reaction, 
on which, in practice, small, moderate, or large amounts of the autocatalytic reaction are 
superposed 

The non-catalytic reaction is favoured relatively to the autocatalytic reaction by an increase 
of temperature, and by a reduction in the initial concentration of dinitrogen pentoxide. But 
there is no single, absolute requirement, either with respect to a minimum of temperature or 
to a maximum of dinitrogen pentoxide concentration; and one can often realise all the main 
kinetic types by changing only one of these variables, provided the other is not too extreme 
The most nearly exponential reactions have been observed at temperatures above + 10°, with 
initial concentrations of dinitrogen pentoxide below 0:Im.; but reactions of a more or less 
exponential kind have been found at temperatures as low as — 10°, with dinitrogen pentoxide 
concentrations below 005m. Low temperatures, and high initial concentrations of dinitrogen 
pentoxide (the aromatic compound being still in constant excess), favour the autocatalytic 
reaction. No clear solvent effect on kinetic form has emerged, but most of the work has been 
done either in carbon tetrachloride or in | : 9-NMCT, and it is possible that these two solvents 
are too similar easily to reveal such an effect. The introduction, or the accidental inclusion 
along with the dinitrogen pentoxide, of a small amount of nitric acid greatly enhances the 
autocatalytic process [cf. Section (4.2)) 

About 60 dilatometric runs have been carried out with dinitrogen pentoxide in constant 
excess, the time-variable concentration now being that of the aromatic compound. This study 
has been confined to the compounds, fluorobenzene, chlorobenzene, and m-dichlorobenzene, 
and to the single solvent, carbon tetrachloride. However, even within this more limited range 
of observation, a completely corresponding set of kinetic phenomena appear. We find reaction— 
time curves which are nearly exponential, others which for a large part of their length are 
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Piss. 1—6. 
Tliustrating hynetic types of aromatic aitration by dimutrogen penioside, the asomatic compound being 
1m constant excess. 
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nearly linear, and yet others which are markedly sigmoid. The exponential and sigmoid 
types are illustrated in Pigs, 7 and 8. A careful study of all the curves shows that, as before, 
we are dealing with a limiting non-catalytic reaction, upon which varying amounts of an auto- 
catalytic reaction are superposed. 

The main circumstances favouring the non-catalysed reaction, as against the autocatalytic 
reaction, are, as before, a sufficiently high temperature, and a sufficiently low initial concen- 
tration of that reactant which is in deficit—in the present case, the aromatic compound. But 
again, neither requirement, considered separately, is absolute: rather accurately exponential 
reactions have been observed at — 5° with initial concentrations of aromatic compound up to 
(06m.; and approximately exponential reactions have been followed at temperatures as low 
as --265°, although with considerably smaller initial concentrations of aromatic compound, 
eg.. 001m. In general, a low temperature, and a high initial concentration of aromatic com- 
pound (the dinitrogen pentoxide remaining in constant excess), favour the autocatalytic 
reaction, which is also greatly strengthened if small amounts of nitric acid are introduced into 
the reaction system [cf. Section (4.2)). 


Fre, 7. Pic. 8. 


lustrating hunetic types of nitration by demitrogen pentoside when the dinitrogen pentoxide is hept im 
comstami excess. 

















an ee ae Se — a a a 
¢ 5 6 s n 6 Ms 0 + 


‘ 2m 
Time (mins.). 


4 6 
Time (mins). 
Fa. 7." Exponential’ reaction illustrated by Run 685: Nitration of C,H,F, initially 0-Ollm., by 
N,Oy, smitially 0 402m., in CCl, at — 2465 
Fig. 8." Sigmoid “ reaction, illustrated by Run 684: Niitration of CQH,F, initially 0-030m., by NyO,, 
initially 0-402M., in CCl, at — 24-56 


(3) Observations on the Limiting Non-catalytic Reaction 


(3.1) Molecularity of the Reaction.—The observations that nitration follows an approxi- 
mately exponential law when either the aromatic compound is in large excess over the dinitrogen 
pentoxide, or the latter is in large excess over the former, can evidently be correlated by the 
assumption that the limiting reaction is bimolecular, the rate equation being 


Rate = 4,{ArH)[N,0O,) 


This can be confirmed. From any one experiment with one reactant, say, the aromatic 
compound, in large excess, an approximate first-order rate constant can be derived. If a 
block of such experiments be conducted with different concentrations of aromatic compound 
(always in large excess over the dinitrogen pentoxide), all other conditions being the same, 
then the deduced first-order rate constants should be proportional to the concentrations of 
aromatic compound; and therefore, the second-order rate constants, obtained by dividing 
the first-order constants by the concentrations of aromatic compound, should not vary. How 
far this is true can be seen from Table I 
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Taste I. 
First-order vate constants (k, in sec") and second-order rate constants (k, in sec g.-mol~* 1.) 
for exponential-type mitrations uth dimutrogen pentoside, the aromatic compound being om excess. 
No. Solvent. (ArH), (NjOJ, 10%, 10%, No. Solvent. [ArH], [N,O,), 10%,. 10%,. 
Temperature 10-06" : 
ArH = p-C,H,O,. 


253 aC 1-82 4 260 1: 9NMCT 8-52 
255 . P 251 306 266 133 8-60 
257 1: 0-N 4-63 . . 10-31 
256 . . 594 

267 , 

261 


— 14-98" : 
272 cc, 


ArH = p-C,H,Br,. 
236 629 86414. CO, 


721 S19 422 


ArH « »C,HCl, 
820 1246 #415 CCl, 
10-68 1201 416 


ArH = C,H,-COMe 
10-61 1634 431 CCl, 
12-76 1530 432 ‘ 


ArH = C,H,-CO,Et 
10-21 18 196 = CC, 
383 * 
104 
12-62 16 BAS = 
ArH = C,H CO, But. 
1440 2644 44) = (CCl, 
1744 23-76 440 " 


ArH = p-CJH Me-COMe 
0556 © 1035 1861 443 «CCL 
0-643 1107 1861 445 ie 
0 658 13-07 19-86 


ArH = mC HCIVCo kt 
0-616 . 543 «088 450 oc, 
0-903 777 0 6«8@e 482 


ArH = p-C,H,Cl, 
1:ONMCT 6627 © 55 1364 437 1. 9-NMCT 
O-813 11) 13-66 * 


ArH = 1:2: 40,40, 

377 682 3961:9-NMCT 
431 619 396 . 
41 606 394 * 


” 


Temperature 20-00° ; 

ArH = p-C,HOl, 
379 cc . 46% 1029 #382 . 
380 0-680 659 969 8 381 . 
351 1: 9-NMCT 12-31 2458 353 1: 9-NMCT 
352 0 16-76 24-00 
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Taiz 1.—(continued). 
No, Solvent. (ArH), [(N,O,), 10%,. 10%, No. Solvent. [ArH], [N,O,),. 
Temperature 20-00" : 
ArH = 1:2: 4C,H,C),. 
0706 064686 &74 1234 340 1:9NMCT 1-149 060431 
6826 00631 O14 10-67 368 - 2 60-0342 
ArH = oC,H,(CO,Et),. 
0 589 #26 1402 349 1:9-NMCT 0-0481 
0-742 1061 1430 350 * 0.0481 
ArH = p-C HO, 
3: 7-NMCT 6706 38 435 310 3: 7-NMCT ©6- 01042 326 416 


ArH = 1:2: 4C,H,C),. 
0-369 11-62 20-77 311 3:7-NMCT 1. 0-0367 1924 16-47 
0-775 1401 1924 314 * 199 ©0367 1946 16-35 


the first-order rate constant always increases to a comparable extent, whilst the second-order 
constant either remains constant or changes (usually falls) only slightly ; a fall of the order of 
10%, while the concentration of aromatic compound is being increased 100%, is not uncommon. 
We should not expect exact constancy in the second-order constant for several reasons: the 
reactions, or most of them, are not quite kinetically pure; the excess of aromatic compound 
is not an infinite excess; and the proportion in which the aromatic compound is present is 
sufficient to render it an important constituent of the medium. It seems that the second- 
order constant shows a greater tendency to drop, with increasing concentration of the aromatic 
compound, when the nitrations are conducted in mixed nitromethane-carbon tetrachloride 
solvents than when they are carried out in pure carbon tetrachloride. As an example, the 
figures for the nitration of p-dichlorobenzene in | : 9-NMCT at 10° may be compared with those 
applying to the nitration of the same compound in carbon tetrachloride at 15°. The difference 
can be understood on the basis, which will be illustrated below, that nitromethane is a sub- 
stantially faster solvent than carbon tetrachloride for these nitrations. Probably the aromatic 
halogen compounds belong to the class of somewhat slow solvents, and are much more nearly 
comparable, as solvents, to carbon tetrachloride than to nitromethane. Thus, in the presence 
of nitromethane, they will act as diluents towards the latter, diminishing its accelerative effect ; 
and hence they will reduce bimoleuclar reaction rates much more than if the solvent were only 
carbon tetrachloride. Aromatic compounds which do not contain halogen, in particular, the 
alkyl benzoates and methyl p-toluate, appear to be even slower, as solvents, than carbon 
tetrachloride; for even in this solvent, as well as in the mixed solvents, their presence in con- 
siderable concentration reduces the bimolecular reaction rates. On the whoie, then, the 
bimolecular nature of the limiting reaction seems confirmed by these comparisons 

(3.2) Solvent Effect on the Bimolecular Reaction Rate.—The effect of the solvent on the rates 
of the bimolecular reaction is illustrated by the second-order rate constants assembled in 
Table Il. Owing to the effect of the aromatic compounds in acting as rate-reducing components 
of the more polar media, we ought to compare rate constants which have been extrapolated 
to zero concentration of the aromatic compound. This has been done for the halogen com- 
pounds, the necessary data being available. It could not be done for the two esters for lack 
of suitable data; and for these esters, therefore, the comparison of solvents has been made for 
finite, but fixed, concentrations of aromatic compound 

These figures show that polar solvents accelerate bimolecular nitration by dinitrogen 
pentoxide. But the acceleration is very moderate, a factor of the order of 6 apparently sufficing 
to cover the whole range from non-dipolar carbon tetrachloride to highly polar nitromethane 
By way of contrast, the solvent effect on nitrations by nitric acid in organic solvents may be 
recalled (Part II, /., 1950, 2400): alike for the zeroth-order and the first-order reactions, as 
observed in the presence of a constant excess of nitric acid, factors of the order of 40 separate 
the rates in acetic acid from those in nitromethane; and we would certainly expect very much 
larger factors between corresponding rates in carbon tetrachloride, if they could be measured, 
and the rates in nitromethane 

(3.3) Salt Effects on Reaction Rate.—Added saits, nitrates as well as other salts, have a 
strong accelerative effect on bimolecular nitration rates in NMCT solvents. This is illustrated 
in Table III 
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Tasis Il. 
Effect of solvent om second-order vate constants (10%, with k, im sec g.-mol*!) of bimolecular 


PrCO,Et. o-C,H,(CO,Et),. 





s Calculated os 1-7 times the value at 15°. 
* Value at [ArH), = I-im. 


Taste III. 
Effect of added salts on second-order vate constants (k, in sec.~' g.-mol.~* |.) of bimolecular nitration 
of p-dichiorobensene in a nitromethane—carbon tetrachloride solvent. 
([ArH), ~0-8™., [N,O,), ~0-05m., Solvent 1 : 9-NMCT, throughout.) 
No (Salt.} 10*h,. No. t 
Salt : 
(Set: Tetraethylammonium 
picrate Temp. 10-08". ) 
536 : 
541 0-018 
539 
50 : 7 0-0012 





Little can be said concerning the quantitative aspect of the effect, partly because one is 
lumited to very small salt concentrations by the low solubilities of the salts, and partly because 
the salts appreciably disturb the kinetic form of the reaction, thereby divesting the rate con- 
stants of an exact significance. The disturbance can be described qualitatively by stating 
that the accelerative effect of a salt in any one experiment is less near the end of the run than 
near the beginning. 

(3.4) Effect of Added Nitric Acid on the Bimolecular Reaction Rate.—Added nitric acid 
accelerates nitration by dinitrogen pentoxide. In some cases, particularly at the lower tem- 
peratures, the effect is very strong, and involves a pronounced change of kinetic form; for not 
only is there catalysis, but also the autocatalysis is notably increased. At higher temperatures, 
the whole accelerative effect is weaker, though it is still considerable; but the induced auto- 
catalysis is much weaker, so that substantial increases of rate can be realised without serious 
complication to the kinetic form of the reaction. We illustrate this weaker and simpler type 
of effect in Table IV, for the nitration of p-dichlorobenzene in carbon tetrachloride at 20° ; 
similar results have been obtained for the nitration of 1: 2: 4-trichlorobenzene in carbon 
tetrachloride at 25° 

Tasie IV. 


Effect of added nitric acid on second-order rate constants (k, in sec." g-mol.* 1.) of bimolecular 
nitration of p-dichlorobenzene in carbon tetrachloride at 20°03 
ArH), ~0-6m., (NO, ~0-04m., throughout.) 
Run no HNO, , 
624 0 
625 0-071 
626 0-080 


The experimental rate constants in Table IV agree fairly well with the requirements of the 
equation 10*k, = 11 + 80c*, where ¢ = [HNO,), The catalysed reaction is thus of approxim- 
ately second order with respect to the nitric acid catalyst, over this range of conditions. 

(3.5) Effect of Temperature on the Bimolecular Reaction Rate.—This has not been studied 
over a sufficient range of temperature, with any one aromatic compound and solvent, to allow 
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good Arrhenius parameters to be given. It can, however, be computed from the measured 
rates that the activation energies of the bimolecular reactions of p-dichlorobenzene in carbon 
tetrachloride and in | : 9-NMCT, and of | : 2: 4-trichlorobenzene in the latter solvent, are close 
to 17 keals., whilst the corresponding non-exponential factors of the Arrhenius equation have 
values in the neighbourhood of 10" sec. g -mol.-* L. 

(3.6) Effect of Aromatic Substituents on the Bimolecular Reaction Rate.—Some rate constants 
for the bimolecular nitration by dinitrogen pentoxide of different aromatic compounds, in the 
same solvent at the same temperature, are collected in Table V. The values given have been 
extrapolated, where necessary, in order to eliminate the medium effect of the aromatic compound 
itself 

Tasix V. 


Comparable second-order rate constants (k, in sec.~* g.-mol-' |.) for the bimolecular nitration of 
aromatic compounds by dinitrogen pentoxide 
Values correspond to (ArH), « 0. Solvent CCl,, temp. 15", throughout.) 
Arlt 10%, ArH, 104A, ArH. 10, ArH. 
pc ne 54 . 85 CHyCOMe... 182 = p-MeC,H,-CO, 
pH Cl Be 55 — ar “121 CHYCO;Et... 
PC HBr... &T 1:14 —* 25% C.HyCO,But e 
* From observation in 1 ; ®-NMCT at 15°, by division by 3-0 (cf. Table II). From cheutvaiien 
in 1: @NMCT at 20°, allowing a factor 1-7 for the temperature difference (cf. Tabie 1). 


The only monosubstituted benzenes in the list are the benzoic esters. As to these, the 
illustrated accelerating effect of homology in the alkyl group is theoretically consistent with the 
known effect of homology in reducing the proportion in which m-nitration takes place (cf. 
Ingold, Rec. Trav. chom., 1929, 48, 801) 

The figures for the di- and tri-substituted benzenes show that the methyl substituent is 
slightly activating, that the halogens deactivate moderately, chlorine and bromine behaving 
very similarly, and that carbalkoxy! groups deactivate more strongly. All this is qualitatively 
consistent with theory, and with the results derived for monosubstituted benzenes by the 
competition method (cf. Bird, Ingold, and Smith, locc. cit.); but the differences now obtained 
for the polysubstituted compounds are of distinctly smaller magnitude than those given by the 
competition method for the monosubstituted benzenes 

Of the three dichlorobenzenes, the m-compound is the least deactivated. This is intelligible, 
because halogens deactivate m-positions more strongly than they do o- and p-positions (locc. 
et.); and m-dichlorobenzene is the only isomeride having positions available for substitution 
which are not meta with respect to any chlorine atom. Steric hindrance may exert a special 
effect in reducing the rate for p-dichlorobenzene, substitution in which is necessarily ortho 
with respect to one chlorine atom 


(4) Observations on the Autocaialytic Reaction. 


(4.1) Influence of Solvent, Temperature, and Concentration.—It has not been found possible 
to represent the rates of the autocatalysed reactions by any single, chemically significant 
equation; and therefore our diagnostic material concerning this reaction consists essentially 
of its qualitative features, which, fortunately, are quite striking. Some features of the auto- 
catalytic reaction have been described and illustrated already (Section 2.2); we shall here 
summarise them, and then add to them. 

No major effect on the intensity of autocatalysis appears to result from a change of solvent 
from carbon tetrachloride to the mixed solvent 1 : 9-NMCT. 

A reduction in the temperature of nitration has a notable effect in advancing the onset, and 
increasing the intensity, of autocatalytic acceleration, though a temperature lower than some 
fixed limit seems not to be a definite requirement for such acceleration if other conditions are 
favourable 

An increase in the concentration of whichever reactant is in deficit, whether it be the aromatic 
compound or the dinitrogen pentoxide—in other words, an increase in the concentration in 
which reaction products can be formed—leads to a similar advancement and intensification of 
the autocatalysis. 

Nitric acid must be a product of nitration by dinitrogen pentoxide. It has been shown in 
Section 3.4 that the limiting bimolecular reaction is considerably accelerated by added nitric 
acid. Evidently the production of nitric acid by nitration might account for the autocatalysis. 

(4.2) Affect of Added Nitric Acid on the Autocatalysis.—It has been observed that initially 
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of shape intermediate between what we have termed the “ exponential” and “ linear ” forms, 
one reactant being in constant excess. In such a case, added nitric acid may not only increase 
the rate from the commencement ; 


This effect is illustrated in Fig. 9, in which two reaction—-time curves are shown. The runs 
represented by these curves were strictly comparable as to initial conditions, except that a small 
amount of nitric acid was added to one of them. The slower of the two is the control, the rate 
of which drops continuously as reaction proceeds. The other reaction (the one affected by the 
added nitric acid) is not only generally faster, but also exhibits a rising rate during a considerable 
part of its course. 

Fis. 9. Fic. 10 
Effect of added witric acid. Effect of added sulphuric acid. 
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Fic, 9.—Nstration C,H, — Ba ag by oe ie ee 0-040m., in CCl, af —10-35 
Run 584. No initial HNO, Ren 586 id, = 0-02 1m 

Fic, 10,.—Nitration of C,H,Ci, initially 18 1 ag + N,O,, initially 0-O45m., in CCl, at ~ 10-35" 
Run 587. No initial H,SO, Run 588. Initially 2 H,SO, = 0-0010m. 


Assuming the autocatalysis to be due to formed nitric acid, these results mean that, the 
higher the instantaneous concentration of nitric acid, the more sensitive is the rate to a given 
increment of produced nitric acid. In other words, the dependence of the rate on nitric acid 
must involve a higher power of concentration than the first. Even a second-power 
is found to be insufficient to account for the magnitude of some of the effects observed (cf. 
Section 5). 

(4.3) Effect of Added Sulphuric Acid on the Autocatalysis.—Qualitatively similar results 
have been obtained by the initial addition of sulphuric acid. Again the strongest effects on 
the autocatalysis arise in nitrations which, in the absence of added acid, show an appreciable 
(but still only a small) departure from the limiting bimolecular form. Sulphuric acid is more 
potent than nitric acid for the intensification of the autocatalysis. 

An illustration is given in Fig. 10. Again the reaction in which no sulphuric acid is added 
initially, that represented by the upper curve, becomes progressively slower throughout 
its course (only part of which is shown in the diagram), whilst a reaction carried out under 
identical conditions, except that a small amount of sulphuric acid was added initially, develops, 
as the lower curve illustrates, a powerful autocatalytic acceleration. 
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Since the action of sulphuric acid on an excess of dinitrogen pentoxide must obviously give 
rise to nitric acid, the effects of the two acids in promoting the autocatalysis of nitration by 
dinitrogen pentoxide are evidently closely connected. 


(5) Discussion of the Mechanisms of Nitration. 

(5.1) 4 Mathematical Model illustrating the Kinetic Forms of Nitration.—-Consider the 
consequences of supposing that the rate of nitration, v, of ArH by N,O, is expressed by the 
equation 

v = Ayla — x) + Ayla — 27 
where 4 = initial (N,O,), if ArH is in constant excess, or 
~ initial (ArH), if N,O, is in constant excess, 
6 = initial (HNO,), and 
a = formed [HNO,) « formed [ArNO,). 
This equation assumes the total reaction to be the sum of an uncatalysed part and a catalysed 
part. The uncatalysed reaction has been shown (Section 2.2 and 3.1) to be bimolecular 
y its rate must be of first-order form, as the equation represents it, if, in accordance 
with the conditions of our measurements, one reactant is taken to be in constant excess. The 
Fis. 11. 
Graphs of the rate equation, 








1). aw 006,56 ~ 000,84 @ O04, (2): a 006, b O06, 4 @ O04. (3): a = 0-10,5 = 0-00, 2 oe 0-04 


atalysed reaction is assumed to be of the same molecularity with respect to the reactants, 
and therefore, under the conditions of the measurements, to be of the first order with respect 
to either reactant. The catalysed reaction is assumed to depend also on the third power of 
the concentration of nitric acid. We shall not now attempt to justify the use of the third 
power in the present illustration; but it will be suggested in Section 5.2 that this power lies 
within the range of a series of powers which are thought to be in general simultaneously 
operative 
The integrated form of the equation is 


1 
(a + 6) 4 


— 
a, 


2h (e + 
Hsia + bP — Ala + 


{a + b) 
Vv Sa + 0) — Ala + 
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where & = (4,/k,)"*. Some graphs of this equation are shown in Fig. 1] It is immediately 
apparent that graphs 1, 2, and 3 are qualitatively similar to the experimental curves shown in 
igs. 1, 2, and 3, and in some of the other figures in this paper. In particular, we find that, 
a is low and 6 is zero, curves are obtained, which may be of approximately exponential 

in any case represent a velocity continuously diminishing with time (graph 1). When 

, and 6 is still zero, curves of greater slope are obtained, which may run nearly linearly 

on 6 en panes ear ea When a is higher still, with 6 still zero, the curves assume a 
sigmoid form, representing an autocatalytic acceleration at some time after the commencement 
of reaction (graph 3). We observe a similar series of changes when, starting again from the 
case in which a is low and 6 is zero, 4 is kept constant and 6 is given a succession of increasing 
finite values : the curves again pass through a nearly linear form (graph 2), and finally become 
Evidently two of the factors which have been found to control the incidence of autocatalytic 

acceleration are directly reproduced in this model, viz., the intensification of autocatalysis on 


quite generally, expect the fourth-order reaction to be less important at higher temperatures. 
as it would have a lower entropy and energy of activation than the first-order reaction 

We have investigated the effect of assuming catalysis by nitric acid according to other 
powers of its concentration than the third. The assumption of a first-power, or of a second- 
power, catalysis leads to curves which show some flattening relatively to the non-catalytic 
curve, but which do not assume a markedly sigmoid form. On the other hand, as one might 
expect, the use of the fourth power of the nitric acid concentration produces sigmoid curves 
which are more sharply inflected than that illustrated 

(5.2) Chemical Interpretation of the Kinetics of the Catalysed Reaction. —-Let us introduce 
the hypothesis, at first in a general form, that nitric acid catalyses nitration by dinitrogen 
pentoxide by combining with it to form aggregates, which may be of various sizes 


N,O, + nHNO, => N,O, HNO, where » = 1,2, 3, ... 


This equation 4s intended to indicate only the composition, and not the chemical nature, of the 
aggregates. Each aggregate is assumed to be capable of participating in nitration. For 
conditions in which one reactant, let us say, the aromatic compound, is in constant excess, the 
expression for the reaction rate must take such a form as the following, viz., 


om Eat) 


where X, = N,O,#HNO, The uncatalysed portion of the rate is included through the term 
ins « 0. Assuming rapidly attained equilibria, we have 


(X,] = K,[N,O,)(HNO,)* 
the K, being equilibrium constants; and therefore the rate equation can be written 

v = TAK (a — 2)(b + ¥)” 
Here K, = 1, and &, has values which can readily be determined by experiment. The higher 
K,, must diminish as n increases beyond a certain point, because the size of the aggregates must 
be limited for steric and dynamical reasons. We shall show presently that A, should be expected 
to increase with » over a certain range. Hence it may well be that, under our conditions, the 
term a « 0, and some intermediate term, such as n = 3, for which AK, is maximal, will 
represent the two most important parts of the rate 

This generalised hypothesis evidently interprets, at least as well as the simplified model did, 
the main kinetic features of nitric acid catalysis, especially the factors which determine the 
incidence and intensity of autocatalytic acceleration. The effect of temperature may be 
described more specifically than before: the aggregates will be formed exothermically; and 
hence, as the temperature is raised, they will be reduced in size, and the larger ones in number; 
and thus sensitivity to catalysis by nitric acid will be reduced at higher temperatures. 

Let us now consider the nature of the aggregates more particularly. We know that dinitrogen 
pentoxide dissolved in organic solvents, such as carbon tetrachloride and nitromethane, consists 
entirely of covalent molecules. We also know that, when dissolved in nitric acid, 
pentoxide consists entirely of nitronium and nitrate ions, which are strongly and 


exothermically 
solvated by nitric acid (Ingold and Millen, /., 1950, paper no. 510; Gillespie, Hughes, and Ingold, 
7? 
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. Therefore we must expect that, when smal) amounts of nitric acid 
are added to a solution of dinitrogen pentoxide in some aprotic solvent, the nitric acid molecules 
will concentrate towards each molecule of dinitrogen pentoxide, and, when present in sufficient 
amount to solvate ions and thus to liberate energy, will bring about ionisation of the dinitrogen 
pentoxide, and perhaps dissociation of the ions. 

The smallest number of nitric acid molecules that can readily be pictured as effective for 
the ionisation of a molecule of dinitrogen pentoxide is 2, 1.¢., one molecule to take care of each 
ion. Thus it is reasonable to suppose that the limit of weak catalysis by nitric acid might be 
represented by the term a = 2. The weak catalysis observed at higher temperatures does in 
fact operate according to a quadratic law, as has been illustrated in Section 3.4. 

The solvation number of dinitrogen pentoxide dissolved in pure nitric acid has been found 
to be 4, two nitric acid molecules being combined with each of the two ions (Gillespie, Hughes, 
and Ingold, loc. cit.). This solvation number is likely to depend in part on the exothermicity 
of transfer of a nitric acid molecule from the nitric acid medium to the ions. The 
of a transfer of nitric acid from a largely aprotic medium to the ions might well be greater. 
Hence the conclusion is, not that a ⸗ 4 necessarily represents a maximum for aggregate 
formation from an ample supply of nitric acid, but that # can rise at least as high as 4 in aprotic 
solvents under suitable conditions. Thus we believe that the kinetic terms corresponding to 
n= 2, 3, and 4 at least can be effective, though which of them will be dominating will depend 
oo the circumstances. 

The ionic dissociation is doubtless endothermic, and hence we must expect that increased 
exothermic solvation of the ions by nitric acid will increase the dissociation. Thus the larger 
the value of #, the more will the nitronium ion behave like a “ free "’ ion, i.¢., one liberated from 
the influence of a neutralising anion. This is the basis of our view (cf. Section 1.1) that the 
rate constant A, of nitration by X, will increase with » over the range of effective values of n. 

To summarise, we find that all the main kinetic features of the catalysis by nitric acid, and 
of the autocatalysis, of nitration by dinitrogen pentoxide can be interpreted on the basis that 
the nitric acid molecule exerts its catalytic effect by aggregating around the originally covalent 
dinitrogen pentoxide molecules, thereby causing ionisation and ionic dissociation. The 
nitrating entity in the catalysed nitration is thus the nitronium ion, which if progressively 
freed by the solvating nitric acid from the influence of anions. Nitration by the nitronium 
ion involves, as was shown in Part II (J., 1950, 2400), the slow addition of the nitronium ion 
to the aromatic molecule, with the formation of a complex cation, which rapidly ejects a proton 
In the present case, the proton must eventually combine with a nitrate ion. The steps may be 
formulated as follows 


fast 
NOyONO, + (x + y/HNO, == NO,sHNO, + NO,yHNO,) 


show J 
ArH + NO «HNO,) — ArH(NO, + sHNO, 
. fast 
ArH(NO,) > ArNO, + H 
° 2 fant 
H + NO,(vyHNO,) > (y + DHNO, 


Catalysis by sulphuric acid is attributed to the direct formation of nitronium ions, and, 
simultaneously, of nitric acid molecules; and, in minor degree, to the replacement of nitrate 
ions by the less nucleophilic hydrogen sulphate ions 

(5.3) Nature of the Nitrating Agent in the Uncatalysed Reaction.—The above analysis of 
the mechanism of the catalysed reaction involves the conclusion that the nitrating entity in 
the uncatalysed reaction is the covalent dinitrogen pentoxide molecule. Several independent 
indications confirm this conclusion 

Suppose that we did not accept it. Then we might try to account for the kinetic order of 
the uncatalysed reaction on the basis that, in aprotic solvents, there is a rapidly attained 
equilibrium between covalent dinitrogen pentoxide and its ions, and that the nitronium ion, 
in small stationary concentration, effects the nitration. Any such equilibrium proportion of 
nitronium ions, and of nitrate ions, would have to be assumed to be very small, since in fact 
it is beyond the limits of detection by ordinary physical means. It follows that the rate of 
the uncatalysed reaction must be very strongly depressed by small amounts of added nitrate 
ions (cf. Part II, J., 1950, 2400). This is not according to the evidence: it was shown in 
Section 3.3 that tetraethylammonium nitrate (like tetraethylammonium picrate and the 
hydrogen sulphate) accelerates the uncatalysed reaction 

The further point arises that, with all three salts, the acceleration is very large, the amount 
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of salt needed to double the reaction rate in 1 : 9-NMCT being in each case of the order of 
u/1000, We explain this effect as a kind of catalysis, which depends, like 


such molecule splits into ions as it adds itself to the ionic lattice of a crystal of dinitrogen 
pentoxide (Ingold, Millen, and Poole, Nature, 1946, 158, 480; Millen, /., 1950, paper no. 509), 
which is growing, either in the vapour, or in a solution containing, as solute, only the molecular 
form of the substance. 

Again, the solvent effect on the bimolecular reaction rate indicates that this reaction occurs 
between the aromatic compound an! the non-ionised dinitrogen pentoxide molecule. It was 
shown in Section 3.2 that polar solvents increase nitration rate, but do so only slightly, a 
factor of the order of 6 covering the whole range of investigated solvents from carbon tetra- 
chloride to nitromethane. Since the initial materials are indubitably neutral molecules, this 
small solvent effect makes it certain that the products formed immediately on completion of 
the rate-determining stage are neutral molecules, and not ions. Therefore the entity which 
attacks the aromatic molecule must be the dinitrogen pentoxide molecule, and not the nitronium 
ion. The observed small solvent effect is consistent with the idea of a transition state which, 
though neutral as a whole, is dipolar, and because of its polarity is somewhat more solvated 
than are the original reactants. 

Summarising, we conclude that the uncatalysed nitration of aromatic compounds by 
dinitrogen pentoxide in aprotic solvents is a single-stage bimolecular process, involving direct 
attack by the non-ionised dinitrogen pentoxide molecule : 

ArH + NO,O-NO,—> ArNO, + HNO, 
Speculatively, one may suggest a cyclic form (inset) for the transition complex. 

One other point may be mentioned, even though it has yet been studied only in a preliminary 
way. It has been noticed that the proportions in which mononitro-isomerides are formed in 

the nitration of an aromatic compound by the nitric-acid-catalysed 
H Oo reaction of dinitrogen pentoxide, and by the non-catalysed reaction of 
* 8 NO. this nitrating agent, are in some cases very different. Thus, in the 
nNo.— a. catalysed nitration of chlorobenzene by dinitrogen pentoxide, the 

. proportion in which p-chloronitrobenzene is formed is practically the 
same as that in which Holleman found this isomeride in the product of the nitration of 
chlorobenzene by nitric acid; whereas, in the non-catalysed nitration of chlorobenzene by 
dinitrogen pentoxide, the proportion of formed -chlor is distinctly smaller. 
This is consistent with our conclusion that different nitrating agents are operative in the 
two types of nitration. It is satisfactory that the orientational data for the catalysed nitration 
agree with data for nitration in nitric acid; for it is certain that in this medium the nitrating 
entity is the nitronium ion (Part II, J., 1950, 2400). 


(6) Experimental Methods. 

(6.1) Materials.—The required aromatic compounds, organic solvents, and tetraethylammonium 
salts were prepared or purified by standard met . The mixed NMCT-solvents were prepared by 
making 99 c.c. of nitromethane up to 1000-0 c.c. at 20-0° with carbon tetrachloride, 20 and 49-98 
c.c. of nitromethane each up to 100-0 c.c. at 20-0" with carbon tetrachloride, and 20-70 and 9-97 c.c. of 


carbon tetrachloride each up to 100-0 c.c. at 20-0" with nitromethane. Nitric acid was purified as 
described in Part II 


Dinitrogen pentoxide was prepared in all-glass apparatus by the dehydration of nitric acid with 
phosphoric oxide, followed by sublimation on to phosphoric oxide, and resublimation, in a stream of 
ozonised oxygen. The method and apparatus were similar in princ to those of Kuss and Pokorny 
(Monatsh., 1913, 34, 1053), Daniels and Bright (/. Amer. Chem. Soc., 1920, 42, 1133), and Chédin (Ann 
Chim., 1937, 8, 243), but the passage of ozone, along with dinitrogen pentoxide vapour, through drying 
tubes of commercial phosphoric anhydride, which largely decomposes the ozone (Smith, J. Amer. ( 

Soc., 1925, 47, 1852), was avoided. A stiff paste of nitric acid and phosphoric oxide, prepared at — 30", 
was gradually warmed to 33° during the first sublimation in ozonised oxygen, while the dinit 
pentoxide was collected at —80°. Ground glass joints were sealed with | ges ae acki, except t 
the joint of the tube in which the product was collected was kept t each end of the gas-train, 
traps of sulphuric acid and phosphoric oxide excluded moisture, while ted sections of tube prevented 
the egress of ozone Prepared samples ꝰ of dinitrogen pentoxide were preserved in the dark at —80". 


* They were crystalline and colourless. We did not obtain dinitrogen toxide in the form of a 
yellow liquid at — 40°, as recently described by Angus ef al. (Nature, 1049, 433). 


— 
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(6.2) Dilatometric Methods.—These were essen’ the methods of Benford and Ingold (/., 1938, 
Eee mee Go aaeeeemnante seqgiee’. Hughes, ~ gg meet fo tyme 5 Benford 
Ingold’s tapiess tometers of “ t C were em Solutions of the tic € 
of the dinitrogen toxide, were § minutes to approach the 
before being mi and drawn into the dilatometer. The 
of the thermal (unimolecular) decomposition of dinitrogen pentox : ¥ 
in all experiments carried out at the same temperature, the same smail fraction of dinitrogen pentoxide 
will have decomposed before the beginning of the timed run. The zero of time was taken as the time 
of mixing. Nitration by dinitrogen pentoxide is accompanied by a contraction. But for 3-7 minutes 
after mixing, no significant readings could be obtained owing to t! ermal disturbances 

Graphical methods have been used for evaluating the results. For the investigation of kinetic 
form, either the variable part of the dilatometric height (A, — A,), or its logarithm, was plotted against 
the time (). As mentioned in Section 2.1, reactions of an essentially bimolecular nature were brought 
to an approximately first-order kinetic form by the use of a large excess of one reactant. For the 
determination of first-order constants, Guggenheim's method of ting from paired readings was 
followed. The derived rate-constants are, in principle, the sums of the rate-constants of all the first- 
order processes occurring in the dilatometer, wiz., the nitration, and the thermal decomposition of 
dinitrogen pentoxide. In order to isolate the rate constant corresponding to nitration, we should 
subtract from the over-all first-order constant the rate constant for the decomposition of dinitrogen 
pentoxide. This correction is just appreciable near the upper end of our range of temperatures, and, 
when nificant, it was always applied. The rate constants for the decomposition of dinitrogen 
pentox were taken from data by Evring and Daniels (/. Amer. Chem. Soc., 1930, 68, 1472), values for 
mixed solvents being computed by interpolation 

(6.2) Chemical Control of the Dilatometric Runs.—-The methods by which a check was kept on what 
was being measured im the dilatometric runs were in general as described in Part 11 (/., 1950, 2400). 
For present illustration, we shall refer to chemical examinations made of the products of a few completed 
runs, and then give an example of a run followed chemically throughout. 

The product from a dilatometric run of first-order type on p-dichlorobenzene, in carbon tetra 
chloride, with the aromatic compound in excess over the dinitrogen pentoxide, was washed with water, 
and dried; and the solvent was then evaporated below room temperature under reduced pressure 
The nitro-compeunds were reduced by means of tin and hydrochloric acid, the tin was removed by 
hydrogen sulphide, and, after the latter had been boiled off, the solution was made alkaline. The 
amines were extracted with ether, distilled completely, and analysed (Found: C, 449; H, 32; N, 
60, C1436. Cak. for C,H,ClyNH,: C, 445; H, 31; N, #6; Cl, 43-7%) 

The product from « dilatometric run of autocatalytic type on chlorobenzene in | : &-NMCT, with 
the chlorobenzene in excess over the dinitrogen pentoxide, was evaporated below room temperature 
ander reduced pressure, in order to remove the solvent, the nitric acid, and the excess of chlorobenzene. 
The residual yellow solid was analysed (Found: C, 448; H, 2-7; N, #6; Cl,22-5. Cale. for C,H Ci-NO,; 
C, 457, H, 26; N, #8; Cl, 226% 

The product of a dilatometric ren on chlorobenzene in carbon tetrachloride, with the dinitrogen 
pentoxide in excess over the chlorobenzene, was worked up in a similar way, and the yellow solid r ue 
was analysed (Found: C, 460; H, 26; N, @8; Cl, 22-0%). This experiment shows that the use of 
a large excess of dinitrogen pentoxide does not lead to dinitration 

When a run was to be followed throughout by chemical analysis, it was conducted in an all-glass 
system consisting of a balb furnished with a narrow delivery tube leading to an automatic pipette. 
fhe bulb was immersed in the thermostat, whilst the delivery tube and pipette had jackets through 
which the thermostat liquid was driven by means of a circulating pump. Samples (6 c.c.) were with- 
drawn into the pipette by suitable adjustments of the pressure in the apparatus, which was protected 
at both ends from the incursion of moisture. The samples were delivered into portions of 100 c.c. of 
acetone, to which 1%, of water had been added, in order to secure hydrolysis of unchanged dinitrogen 
pentoxide. The acid then present was titrated with aqueous sodium hydroxide, lacmoid being the 
mdicator The end-points were good at first; but they deteriorated as the run proceeded, probably 
on account of the formation of small amounts of nitrophenolic by-products, which form coloured salts 
with alkalis An example of this type of experiment is recorded in Table VI 





Taste VI 
liustrating the hinetics cf nitration by dimitrogen pentoxide as followed by chemical analysts. 
Nitration of p-dichlorobensene by dinstrogen pentouide in carbon tetrachloride at 14-99 Initially 


(CHCl) ~ 0 500m... and (N,O,) ~ 0048m. Samples of 60 c.c. titrated with 0-0435n-sodium hydr- 
oxide. First-order rate constants, 4,, in sec.“ 


Teme (sex Pitre fe. 14a, Time (sec Titre (cx 10%”, 
13.56 2512 1141 2-79 
13-37 J 3458 10-16 3-28 
12-76 : Sato 955 274 
11-e2 s =-55 — 
Mean rate constant: 4, <— 20 « 10°* sec.“ 
A dilatometric experiment under very nearly the same conditions gave the value 4, = 3-0 « 10™ sec~ 


Witiam Ramsay and Racrn Forster Lasorarorres, 
Universtry Coittees, Lonpos, WC.1 Recetoed, December 17th, 1948 
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496. Kinetics and Mechanism of Aromatic Nitration. Part V. 
Nitration by Acyl Nitrates, particularly by Benzoyl Nitrate. 
By V. Goin, E. D. Huoues, and C. K. Incotp. 


The nitration of benzene by benzoyl nitrate in carbon tetrachloride has been kinetically 
examuned. With the benzene in constant excess, the reaction was approximately of first order. 
The rate was found to vary with the sample of benzoyl nit 
nitrate always contain benzoic anhydride. It was shown that added benzoic anh 
depressed the rate of nitration of benzene by a given sample of benzoyl nitrate. This 

a 





that benzoyl nitrate might be exerting its nitrating action small stationary 
concentration of dinitrogen pentoxide, formed, along with hk + FF in the rapidly 


established equilibnium, 
2BzO-NO, == N,O, + Bz,0. 


Confirmation was secured by examining the effect of benzoic anhydride on the nitrating 
properties of dinitrogen pentoxide. The latter in carbon tetrachloride nitrated benzene 
instantly aoe See ee But 1 the dinitrogen, peatonide to appronimate 
anhydride at once reduced nitrating power o — yi - pentoxide to approximate 
equivalence with that of rep nitrate. C anhydride contains benzoic 
acid. Pure benzoic anhydride not act on oan pentoxide in carbon tetrachloride in 
the way described; but it did so, if some benzoic acid also was introduced. Thus, a rapid 
establishment of the above-written equilibrium —— the presence of acid. 

Consistently, it was shown that, with a fi concentration of benzoic acid, the rate of 
nitration of benzene by dinitrogen pentoxide and excess of benzoic anhydride was decreased 
by increasing the excess of the latter; and that, with fixed concentrations of benzoic anhydride, 
the rate of nitration was decreased by increasing the concentration of benzoic acid. From this 
it is concluded that the above anhydride—anhydride — catalysed by acid, arises by 
combination (addition) of the two anhydride—acid equili! 


+ BrOH — BeNO, + HN 
BiG t HNO, = BNO! Bed 


No evidence could be secured that benzoyl nitrate directly attacks the aromatic molecule : 
its nitrating action seems to be exerted entirely bare “art ntoxide. Experiments 
by Cohen and Wibaut make a like conclusion probable for nitrate, presumed to be 
present in solutions of nitric acid in excess of acetic ig 





(1) Objects and Background. 


(1.1) Related Work on the Kinetics of Nitration.—_In Part I (J., 1938, 929) the principles were 
mentioned by which one might set down a series of actual or possible nitrating agents in the 
theoretically expected order of diminishing reactivity, ¢.¢., 


NO,*, NOyOH,’, NOyONO,, NOyORz, NOYOH 


In Parts II, ILI, and 1V (preceding papers), this series has been examined to the following extent : 
nitration by the nitronium ion has been established; the nitric acidium ion has been shown to 
dissociate into, and nitrate through, the nitronium ion, but nitration also by the nitric acidium 
ion itself has been made plausible; and again, the dinitrogen pentoxide molecule has been 
shown to dissociate into, and nitrate through, the nitronium ion, although nitration also by the 
undissociated molecule has been realised 

These studies led to a consideration of the fourth member of the above series, in principle a 
mixed anhydride of nitric acid and a weaker acid, the example being benzoyl nitrate. Expecting 
this to be a nitrating agent of low efficiency, one might have expected even greater difficulty 
than before in suppressing nitration through more active nitrating agents formed by its 
decomposition, and hence greater difficulty in establishing nitration by the original 
undecomposed molecule. This has been our experience. The decompositions of benzoyl 
nitrate to more active nitrating agents are on the whole more prominent, and more com 
than are those of the nitrating agents treated in the preceding studies. Because of this, the 
nature of the decomposition through which benzoyl nitrate acts as a nitrating agent has been 
established only in a qualitative way. It is not possible to assert, as a result of the present 
work, that benzoyl nitrate cannot directly engage in nitration, but no evidence of any such 
behaviour has been found. 

Referring to the last member of the series of nitrating agents written above, we may recal! 
that nitration by nitric acid proceeds, as far as is known (cf. Parts I—III), entirely through 
either the nitronium ion or the nitric acidium ion. No evidence has been encountered that the 
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nitric acid molecule per se can directly engage in nitration. This paper therefore completes the 
present phase of our study of the above series by the method of reaction kinetics. 

(1.2) Previous Work on Nitration by Acyl Nitrates.--Lachowicaz observed (Ber., 1884, 17, 
1281) that, when benzoyl chloride is heated with silver nitrate, benzoic anhydride is formed 
together with oxides of nitrogen. Francis reinvestigated this reaction at lower temperatures 
with a view to isolating intermediates (/., 1906, 69, 1; Ber., 1906, 39, 3798). He obtained a 
yellow oil, which he regarded as benzoyl nitrate, formed in the first of the following series of 
reactions, which proceed further at higher temperatures . 


BeCl + AgNO, ~ BzNO, + AgCi 
2BaNO, = BayO + NO, 
2N,O, = 2N,0, + O, 


The analytical data for the yellow oil did not agree with the formula of benzoyl nitrate, but it 
was suggested that this was due to the presence of benzoic anhydride—a plausible interpretation 
in view of the ready decomposition of the oil, the known production of benzoic anhydride, and 
the volatility of oxides of nitrogen. 

Francis showed that his benzoyl nitrate could be used to nitrate aromatic compounds in 
aprotic solvents such as carbon tetrachloride. He investigated particularly benzenoid hydro- 
carbons and phenol derivatives. Further work on hydrocarbons has been reported by 
WilletAtter and Kubli (Ber, 1909, 42, 4151), and on phenols and phenol ethers by Oxford 
(J.. 1926, 2004) and by Griffiths, Walkey, and Watson (/., 1934, 631). The last-named 
investigators made the important observation that the ratio orthe/para in which isomerides 
are formed in the mononitration of anisole by benzoy! nitrate is much higher than that in which 
they are produced in nitration either by mixed nitric and sulphuric acids, or by nitric acid alone, 
or by nitric acid in acetic acid, i¢,, by reagents which are now known (cf. Part II) to react 
through the nitronium ion 

The use, for aromatic nitration, of solutions of nitric acid in excess of acetic anhydride was 
introduced by Orton (/., 1902, 81, 806) Pictet and Khotinsky reported the isolation of acetyl 
nitrate from solutions of dinitrogen pentoxide in acetic anhydride (Compt. rend., 1907, 144, 210; 
Ber., 1907, 40, 1163). Its nitrating properties resembled those of Orton's solutions, and also 
those of Francie’s benzoyl nitrate. It gave high orthe/para ratios for the nitration of several 
monosubstituted benzenes. This has been confirmed in a quantitative investigation by 
Holleman, Hartogs, and van der Linden (Ber., 1911, 44, 717) on the nitration of acetanilide with 
Orton's mixture, and in one by Griffiths, Walkey, and Watson (Joc. cif.) on the nitration of 
anisole with this reagent, which they found to behave quite similarly to benzoyl nitrate, and 
very differently from the group of reagents now recognised as reacting through the nitronium ion 

In the present observations on the kinetics of nitration, we have used benzoyl nitrate, rather 
than acety! nitrate, because of the tendency of the latter to explode during isolation. Reference 
will be made later (Section 3.2) to the kinetic study, reported by Cohen and Wibaut (Rec. Trav 
chem, 1935, 54, 4090), of nitration with Orton's mixture 


2) Kinetic Observations 


(2.1) Netraton by Benzoyl Nutrate.-As heretofore, the dilatometric method of following 
the kinetics of nitration was adopted. Chemical analysis was employed as a check. Carbon 
tetrachioriie was used as solvent throughout the work. It was found that benzene could be 
nitrated, at temperatures near 20°, by means of benzoyl nitrate in carbon tetrachloride at rates 
convenient for dilatometric observation; and accordingly, benzene was taken as the substance 
to be nitrated in most of the experiments of the present series 

A number of samples of benzoyl nitrate were prepared by Francis'’s method. Kinetic 
experiments on the nitration of benzene in constant excess with this reagent in carbon tetra- 
chloride at 20° indicated a reaction of approximately first order with respect to the nitrating 
agent. This & illustrated by the linearity of the logarithmic plot in Fig. 1. However, the 
first-order rate constants varied from run to run, as is illustrated in Table I, in a manner which 
suggested that some impurity, present in different proportions in the different samples of 
benzoyl nitrate, was affecting the rate of nitration. Since the work of Lachowicz and of 
Francis shows that benzoic anhydride is a decomposition product of benzoyl nitrate, and is 
normally present in preparations of the latter, the effect on nitration rate of added benzoic 
anhydride was tested Table II shows the results obtained in a pair of runs, which were made 
with the same sample of benzoyl nitrate, all conditions being the same, except that, in one of 
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the runs, some benzoic anhydride was introduced. These and similar experiments established 
that added benzoic anhydride depresses the rate of nitration of benzene by benzoyl nitrate. 


Fis. 2 








. oo! ae as 
Tome (mens). 





Nitration of benzene in constant excess by * Time Pe 
benzoyl wmitrate, prepared by Francis's * 
method, in carbon tetrachloride at 20 Nitration of bensene im constant excess by a 
Kinetics illustrated by Run No. 16. Plot misture of dimttrogen pentoxide, bensore 
covers 85% of reaction anh , and bensore acid, in carbon 

tetrachloride at 20°. Run No. 150. 
Plot covers W% of reaction. 


Taste I. 


Some first-order rate constants (k, im sec.~") for the nitration of benzene in excess by benzoyl 
nitrate in carbon tetrachloride at 19°90". 
(Initially, [(C,H,) = 447m.; [BzNO,) « 0-030m.) 
Run No — esenensens s 10 i 14 
—* 201 394 384 32.0 


Tasie II, 


Illustrating the effect of benzoic anhydride on the first-order vate constant (k, in sec.~*) of 
mitration of benzene im excess by benzoyl nitrate in carbon tetrachloride at 20°00" 
(Initially, [(C,H,) = 2-36m BzNO,) = 6-030m.) 

Run No Added [Bz,0 10%, Run No Added | Bz,0 10%, 

251 — 440 262 0-035 20-0 


These results suggested that benzoyl nitrate might be exerting its property of nitration 
through a small stationary concentration of the presumably more reactive entity, dinitrogen 
pentoxide, formed, along with benzoic anhydride, in the following rapidly reversible process : 


2Bz0-NO, => Bz,0 + N,O,_ . (i) 


Accordingly the series of experiments next to be described was directed towards the building- 
up of a nitrating agent equivalent to benzoyl nitrate from the components benzoic anhydride 
and dinitrogen pentoxide. 

(2.2) Nitration by Mixtures of Dinitrogen Pentoxide, Benzoic Anhydride, and Bensoic Acid.— 
The above hypothesis of the nitrating action of benzoyl nitrate requires the following statements 
to be true under the experimental conditions ; (a) dinitrogen pentoxide must be an intrinsically 
more active nitrating agent than benzoyl nitrate; (6) the equilibrium between the three 
anhydrides must lie towards the left in the reaction as written above, i.., an excess of benzoic 
anhydride, added to dinitrogen pentoxide, must destroy nearly the whole of the latter ; and 
(c) the rate at which this reaction proceeds to equilibriurn must be greater than the rate at 
which the aromatic compound is nitrated. 











70 Gold, Hughes, and Ingold: Kinetics and 


Condition (a) is satisfied. This becomes obvious when we compare the kinetic runs reported 
in this paper with those in the preceding paper. Most of the runs with benzoyl nitrate as the 
nitrating agent have been carried out with benzene as the substance nitrated, the solvent being 
carbon tetrachloride, and the temperature 20°. But benzene is nitrated by dinitrogen pentoxide 
in carbon tetrachloride much too rapidly to allow the kinetics to be followed even at the freezing- 
point of the solvent. In order to obtain measurable rates at 20° with dinitrogen pentoxide as 
the nitrating agent, it is necessary to employ much less reactive aromatic compounds, such as 
p-dichlorobenzene or ethyl benzoate, which have specific nitration rates some hundreds of times 
smaller than that of benzene, This is a measure of the intrinsically greater reactivity of 
dinitrogen pentoxide than of benzoyl nitrate as nitrating agent 

Conditions (b) and (c) were together shown to be fulfilled by following kinetically the 
nitration of benzene in carbon tetrachloride at 20° with mixtures of dinitrogen pentoxide and 
(commercial) benzoic anhydride as nitrating agent. The benzene, instead of being nitrated by 
the dinitrogen pentoxide within a few seconds, as it would have been in the absence of the 
benzoic anhydride, was nitrated by mixtures containing a small excess of benzoic anhydride at 
rates comparable to those obtained by the use of Francis’s benzoyl nitrate as the nitrating 
agent. This shows that the benzoic anhydride must have destroyed most of the dinitrogen 
pentoxide, giving a material similar in nitrating properties to benzoyl nitrate; and it shows 
that this must have happened at a rate considerably greater than the rate at which the resulting 
material nitrated the benzene. The benzene being in constant excess, the kinetic form of 
these runs again indicated a reaction of approximately first order with respect to the nitrating 
agent 

In these experiments, which were intended to be of a preliminary nature, the dinitrogen 
pentoxide was carefully prepared according to our usual routine; but the benzoic anhydride 
was the commercial material, and it contained free benzoic acid. When the runs were repeated 
with our own benzoic anhydride, which was free from benzoic acid, different results were 
obtained. The benzoic anhydride did not now depress initial rates of nitration by dinitrogen 
pentoxide, and, in particular, did not reduce the rate of nitration of benzene to a measurable 
order of magnitude. Indeed, the dinitrogen pentoxide even began to nitrate the benzoic 
anhydride, much as it would have nitrated a benzoic ester, had one been present, according to 
the experiments described in the preceding paper 

The runs were therefore again repeated, but with the addition of benzoic acid, as well as of 
pure benzoic anhydride. The nitrating power of the dinitrogen pentoxide was once more 
greatly reduced by the added substances. In the presence of a reactive aromatic compound 
such as benzene, very little nitration either of benzoic acid or of benzoic anhydride took place 
Instead, the benzene was nitrated at rates comparable to those which had been obtained either 
with benzoyl nitrate as the nitrating agent, or by the use of mixtures of dinitrogen pentoxide 
with commercial benzoic anhydride. Again, with the benzene in constant excess, the kinetics 
indicated a reaction of approximately first order with respect to the nitrating agent, as 
is illustrated by the logarithmic plot in Fig. 2 


Taste III 


Effect of bensoie anhydride on the first-order rate constant (k, in sec.~") of nitration of benzene in 
excess by dimttrogen pentorsde en carbon tetrachionde at 20-00" in the presence of a fixed amount 
of bemzove acid 

Initially, (CH, 2 36m BrOH 0-0633 
Run No. Initial N,O, Initial (B2,0 10*A, Run No. Initial 'N,O,). Initial [Bz,0). 10%, 
00-0905 4340 2141 00205 0-1025 
Oosel 00417 144 0-0341 01435 
ootle 0 0606 10-23 0 0265 1721 
0-034) 00753 12-45 0-0265 0 2050 


Ooo 0OTS3 12-20 


Experiments were carried out in order to ascertain the effect of the addition of different 
initial amounts of benzoic anhydride, and of benzoic acid, on the rate of nitration of benzene by 
dinitrogen pentoxide. The results of one such series of experiments are reported in Table III 
Here the concentrations of benzene and of benzoic acid were kept constant, and that of the 
dinitrogen pentoxide was given certain fixed values, whilst the concentration of the benzoic 
anhydride was varied from run to run. Some sets of runs of a different kind are reported in 
Table IV. M these, the concentrations of benzene and benzoic anhydride were fixed, whilst 
the concentrations of dinitrogen pentoxide and of benzoic acid were varied 
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Taste IV. 


Effect of bensoic acid on the first-order vate constants (k, im sec") of mitration of benzene in excess by 
dinitrogen pentoxide in carbon tetrachloride at 20-00° im the presence of fixed amounts of benzox 
anhydride. 


(Initially, (C,H,) = 2-36.) 
Initial Initaal Run Initial Initial 
[N,O,). [Bz,0). J No. ). ([Be,0). [B20 10%, 
00306) «60-0846 . 158 01025 «8=60- 0252 18-05) 
06-0242 ‘ . 150 * 0.0633 o12 
00265 00606 157 * 0-1267 + i | 
00214 oe 


The figures in Tables III and IV are not suitable for quantitative treatment, because some of 
the initial concentrations have no simple significance for the whole kinetic runs, to which the 
quoted rate constants apply. However, it is obvious from Table III that, with fixed 
concentrations of benzene and of benzoic acid, the rate of nitration diminishes with increasing 
concentration of benzoic anhydride. It can be shown by means of a graphical representation of 
the figures that, for a fixed initial concentration of dinitrogen pentoxide, the reciprocal of the 
first-order rate constant increases approximately linearly with increasing concentration of 
benzoic anhydride. It also appears that, for a fixed concentration of benzoic anhydride, the 
rate constant increases with the initial concentration of dinitrogen pentoxide. All this is true 
for a fixed concentration of benzoic acid. The figures in Table IV show that, for fixed 
concentrations of benzene and benzoic anhydride, the rate of nitration diminishes with 
increasing concentration of benzoic acid. 


(3) Discussion. 


(3.1) Mechanisms of Nitration by Benzoyl Nitrate.—It has been shown in Section 2 that 
the rate of nitration of benzene by benzoyl nitrate, prepared by Francis’s method, is depressed 
by added benzoic anhydride. It has also been shown that rates of nitration by benzoyl nitrate 
can be simulated by employing, as the nitrating agent, mixtures of dinitrogen pentoxide and 
benzoic anhydride, provided that they contain some free benzoic acid. Finally, it has been 
established that the first-order rate constants for the nitration of benzene in constant excess 
by mixtures of dinitrogen pentoxide, benzoic anhydride, and benzoic acid, increase with the 
concentration of dinitrogen pentoxide, when the concentrations of benzoic anhydride and of 
benzoic acid are constant, and decrease with increasing concentration of either benzoic anhydride 
or benzoic acid when the other concentrations are fixed. 

Nearly all these effects are qualitatively interpreted by the hypothesis that benzoyl nitrate 
exerts its nitrating power through the nitrating action of a small concentration of dinitrogen 
pentoxide, which is formed along with benzoic anhydride in the reversible reaction (1) (p. 2469) 
It appears that this reaction attains equilibrium only slowly in the absence of acids, but that it 
runs rapidly to equilibrium under the catalytic influence of benzoic acid, which is usually present 
in the systems now considered, unless special measures are taken to secure its exclusion. 

The observation which this hypothesis does not cover is the decrease of rate of nitration, by 
fixed concentrations of dinitrogen pentoxide and benzoic anhydride, in the presence of increasing 
concentrations of benzoic acid. In order to accommodate this finding, we assume that, in 
addition to the anhydride-anhydride equilibrium (1), an anhydride-acid equilibrium is set up, 
one form of which is shown in equation (2) : 


2) 


N,O, + BzOH == 8zNO, + HNO, (2) 


Assuming equilibrium, ———— — — — 
destroying dinitrogen pentoxide as represented in equation (2), or as acting analogously on 
benzoyl nitrate, as in equation (3), thereby producing benzoic anhydride, which 
dinitrogen pentoxide according to equation (1). Thus the alternative form (3) of the anhydride 
acid equilibrium, 

BzO'NO, + BzOH == Bz,0 + HNO, (3) 
is not independent of (2). In other words, the equilibrium conditions for the reactions 
(1), (2), amd (3) are expressible in terms of only two equilibrium constants. Reactions (2) and 
(3) evidently provide a mechanism for reaction (1), accommodating its acid catalysis. It follows 
that the presence of benzoic acid will alwayu involve the presence of nitric acid; and that the 
catalysis of reaction (1), which we have described as catalysis by beuzoic acid, must not be 
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ee ee ee ie Such reactions should be subject to a general catalysis by 


ay ee the case for assuming that benzoyl nitrate nitrates by way of dinitrogen 
pentoxide seems as strong as qualitative evidence can make it.* The preceding paper shows 
Sued Uae Statiacants Gaktauiin cxtte diiate Gancthe, aithaadh tn onan cienaantoners te a ont 
through the nitronium ion. 

(3.2) Mechaniom of Nitration by Acetyl Nitrate and by Solutions of Nitric Acid in Acetic 
Anhydride —No kinetic study has yet been made of aromatic nitration as effected by isolated 
acetyl nitrate. However, as was noted in Section 1.2, there is a good deal of evidence indi 
that the nitrating properties of solutions of nitric acid in acetic anhydride are due to the 
formation of acetyl nitrate; and Cohen and Wibaut have recorded a study of the kinetics of 
the nitration of benzene by means of such solutions (loc. cit.) 

According to our conclusions concerning the mode of nitration by benzoyl nitrate, we should 
expect nitration by acetyl nitrate, or by a solution of nitric acid in acetic anhydride, to proceed 
by way of dinitrogen pentoxide, formed in the following system of balanced reactions 


HNO, + Ac,O == AcOH + AcNO, 
HNO, + AcNO, =® AcOH + N,0, 


and therefore, 
2AcNO, = Ac,O 4 N,0, 


Cohen and Wibaut’s kinetic results for the nitration of benzene by solutions of nitric acid in 
an acetic anhydride solvent are, as the authors point out, very difficult to interpret, because of 
the simultaneous occurrence of nitration of the acetic anhydride. Indeed, the conditions for 
their main series of experiments seem to have been somewhat unhappily chosen. However, 
the authors have also provided a limited body of data concerning the nitration of benzene by 
nitric acid, in the presence of acetic anhydride, under conditions in which the disturbance of 
side-reactions is much less serious, t.¢., in carbon tetrachloride as solvent, with the addition of 
only small amounts of acetic anbydride. The recorded results indicate, as is concluded by the 
authors, that the rate of nitration is increased by decreasing the concentration of acetic 
anhydride. The authors interpret this as a solvent effect; but if it should be simply a solvent 
eflect on nitration by nitric acid, or by some entity formed from nitric acid without the direct 
participation of acetic anhydride, then still greater rates should be obtained if the latter 
substance is omitted altogether. Apparently Cohen and Wibaut did not test this inference; 
but we have tested it, although in doing so we had to add a little nitromethane to the carbon 
tetrachloride solvent, because nitric acid, in the absence of any acetic anhydride, is only slightly 
soluble in pure carbon tetrachloride. We find that nitric acid, when dissolved in this mixed 
carbon tetrachloride solvent, at concentrations of the order of those used by Cohen and Wibaut, 
does not nitrate benzene at 20° to any detectable extent. When a small quantity of acetic 
anhydride is added, nitration supervenes; but there is an optimum amount of this reagent, 
and an excess of it tends to suppress nitration 

The parallelism between these observations and those relating to the effect of added benzoic 
anhydride on rate of nitration by benzoyl nitrate is evident. We may reasonably infer, first, 
that the nitrating power of solutions of nitric acid in acetic anhydride is indeed due to the 
formation of acetyl! nitrate, and secondly, that the nitrate acts by a mechanism similar to that 
which we have already derived for nitration by benzoyl nitrate, 1.2, by way of dinitrogen 
pentoxide, reversibly formed in the system of equilibria written above 


(4) Ewpertmental Methods 


(4.1) Preparation of Materials..Benzoyi nitrate was prepared by Francis s method im an all-glass 
apparatus, The benzoy! chioride was introduced into the reaction bulb by distillation, together with 
enough carbon tetrachloride to reduce its freezing point below 1s The silver nitrate, previously 
fused, grownd, and dried in a vacuum over phosphoric oxide, was added by rotating a side-tube attached 
by a lubricated ground-glass joint. A vent, through phosphoric oxide, allowed gaseous products, which 
were formed in only small amount, to pass out of the reaction chamber. After the conclusion of the 
reaction, which was conducted with continuous — below 15°, the solution was passed through a 


* Even with the simplest assumptions, oiz., that mixtures of — gen pe ntonide, benzoyl! nitrate, 
benzoic anhydride, nitric acid, and benzoic ackl, always preserve equilibrium, and that nitration by such 
mixtures ¢ oceeds through molecular dinitrogen pentoxikle only, the hypothesis offered in the text 
leads to ae expression for the nitration rate which is algebraically complicated, and involves three 
disposable constants. For this reason, we have not attempted its quantitative experimental 
confirmation 
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verting the apparatus; and thus the mixture of benzoyl nitrate and carbon 
It was stored at about --10°, and diluted for use, as required, with dry 


as usual from benzvic acid and excess of acetic anh , 
$ ey pees & tion under diminished pressure, the act was in ethereal 
tion with aqueous sodium hydroxide in order to remove all free — and the ether was thea 
dried by means of calcium chloride and a little potassium carbonate, and distilled. The benzoic 
anhydride thus obtained was finally purified by crystallisation from hght petroleum. 

Dinitrogen pentoxide was prepared as described in the preceding paper. 

(4.2) Dilatometric Methods.—The apparatus and method for following the kinetics of nitration >y 
dilatometry were substantially as described in the preceding paper. Ses tho stteatiens bp hence 
nitrate, a fixed volume of the stock solution of benzoyl nitrate in carbon tetrachloride was delivered 
from a pipette into additional! carbon tetrachloride, and, after 10 minutes allowed for the mixture to attain 
the temperature of the thermostat, the benzene, also at thermostat tem ture, was added from a 

te, and the dilatometer, already immersed in the thermostat, was with the mixture. For the 
study of the effect of benzoic anhydride on nitration by benzoy! nitrate, the same ure was used, 
except that the sample from stock of benzoyl nitrate dissolved in carbon tetrac was delivered 
into a solution of benzoic anhydride in carbon tetrachloride. In the experiments with dinitrogen 
pentoxide, a measured volume of a solution of this substance in carbon tetrachloride was added to a 
solution of benzor anhydride, or of benzor anhydride and benzoic acid, in carbon tetrachloride, and the 
whole was allowed § minutes to attain the temperature of the thermostat, before the benzene was added 
and the dilatometer filled. 


The course of two dilatometric runs is shown graphically in Figs. | and 2 (p. 2469). 


(4.3) Analytical Control.—Analytical checks on the dilatometric measurements were carried out 
exactly as described in the — ar ne and the results were generally similar. Kate constants 
obtained by following the change of acidity agreed approximately with corresponding rate constants 
determined dilatometrically, the latter being the more precise 


The authors of this series of papers thank Imperial Chemical Industries Limited, for grants in aid of 
this work. 


Writtam Ramsay awp Ratrn Porsrer Lanoraronies, 
University Cotsecs, Loxpon, W.C.1. (Received, December 17th, 1949.) 


497. Cryoscopic Measurements in Sulphuric Acid. Part I. Principles 
and Methods. The Cryoscopic Constant and Some Other Constants 
of Sulphuric Acid. 


By R. J. Guespim, E. D. Hucnes, and C. K. Iyco.p 


The experimental methods of cryoscopy in solvent sulphuric acid have been developed to 
a degree of precision sufficient for the evaluation of electrochemical equilibrium constants 
The theoretical principles underlying a thermodynamically correct expression of the results 
are considered; and, van't Hoff's ¢-factors having led to confusions of concept which it seems 
impossible now to resolve, r-factors are introduced, and are defined as a function only of numbers 
of solute particles, effects of forces being left for description by means of activity coefficients 

The methods and principles having been established, their first application was in a deter- 
mination of the cryoseopic constant of sulphuric acid. This has not been satisfactorily 
measured hitherto, partly because the techniques were not accurate, and partly because 
substances were believed to dissolve without ionisation, which in fact are jonised in solution 
We have found only two substances which dissolve freely in sulphuric acid without any 
apparent reaction, vtr., sulphury!l chloride and chlorosulphonic acid. Their use provides the 
first of three cryoscopic methods by which the required constant has been determined. The 
second method uses ionised sulphates, and the third employs certain organic oxygen-com pounds 
which behave as infinitely strong bases. For most solvents, such a use of such solutes would 
be excluded by electrostatic non-ideality; but the dielectric eC neal of sulphuric acid are 
so extreme that, in certain concentration ranges, these solutes can 

Revised values are given for the cryoscopic constant, for tho bent of Lesion, and for the 
melting point of sulphuric acid. 


(1) Principles and Methods. 


(1.1) Aim of this Work.—The experiments to be reported in this series of papers were 
originally undertaken with the object of elucidating by 

ionogenic reactions in sulphuric acid, which had come to notice during kinetic studies on the 
mechanism of aromatic nitration. The formation of the nitronium ion from nitric acid in 
sulphuric acid was first clearly an a ee awe i ge the depression of 
the freezing point of sulphuric acid by dissolved nitric acid (Nature, 1946, 156, 480). However, 
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the aim of the cryoscopx ee ee ee contemplated limits : 
so many problems, in principle soluble by the cryoscopic method, presented themselves— 
problems concerning the behaviour of strong acids other than nitric acid, of aromatic nitro- 
compounds, and of other organic oxygen compounds, in solvent sulphuric acid. The original 
research thus has become greatly extended, although only those results which are most relevant 
to the nitration problem are now being published. 

There has been one general aim in all this work. Hitherto, despite unportant improvements 
of method, the cryoscopic study of ionic equilibria in sulphuric acid has never been raised above 
a semi-quantitative status, it has not previously been possible to calculate reliable equilibrium 
constants from the cryoscopic results. An attempt has been made to improve this position. 
In order to do so it has been necessary to go carefully into such questions as the precise value 
of the cryoscopic constant of sulphuric acid, the degree to which ionic solutions in sulphuric 
acid attain ideality, the self-ionisation of sulphuric acid, and the value of the equilibrium 
constant for the fundamental proton-transfer reaction between solvent sulphuric acid and 
solute water. These subjects occupy much of the first few papers of this series. 

(1.2) Previous Work on Cryoscopy in Sulphuric Acid.—The earliest syst tic m t 
of the depression by solutes of the freezing point of sulphuric acid were those of Hantzsch (Z. 
physthal. Chem., 1007, 61, 257; 1908, 62, 626, 1908, 65, 41; 10909, 68, 204; Gazzetta, 1909, 
39, i, 120, 1900, 39, ii, SIZ, 1911, 41, i, 645; Ber, 1922, 66, 953; 1930, 63, 1782, 1789). He 
showed that the purity of the solvent sulphuric acid could not be adequately controlled by 
chemical analysis, and that the best criterion of its purity was the freezing point, which he 
found to have a maximum value of 10°46° (cf., however, Section 4), and to be sensitive to 
analytically andetectable amounts of water and sulphur trioxide. He discovered a number of 
substances which, on dissolution in sulphuric acid, had but little effect on its electrical conduc- 
tivity; and they all gave about the same molal depression of the freezing point. He therefore 
assumed that they dissolved normally, that is, as simple non-electrolytes; and, from the 
freezing- point depressions which they gave, he deduced his value for the cryoscopic constant 
of sulphuric acid. Many solutes were found which considerably increased the electrical con- 
ductivity of sulphuric acid; and these gave larger molal depressions of the freezing point 
Thus potassium hydrogen sulphate, water, alcohols, ethers, ketones, carboxylic acids, and 
amines gave about 15-2 times the normal depressions. Hantzsch assumed these compounds 
to dissolve with the formation of two ions, water and the organic oxygen compounds, as well 
as the amines, acting towards sulphuric acid as simple bases. Barium hydrogen sulphate, 
urea, and phthalic acid gave 2-2-5 times the normal depressions : and they were assumed to 
form three ions. Some substances, notably nitric acid and triphenylearbinol, gave larger 
freezing-point depressions; and in these cases special explanations were suggested 

Similar measurements were recorded, largely in the same period, by Oddo and his collabor- 
ators (Oddo and Seandola, Z. physthal. Chem., 1908, 62, 243; 1909, 66, 138; Gazzetia, 1908, 
38, 1, 603, 1900, 88, i, 560; 1900, 39. u, 1; 1010, 40, ii, 163; Oddo and Cassalino, sid., 1917, 
47, ti, 200, 232; Oddo, shid., 1918, 48, i, 17). They measured the cryoscopic constant of 
sulphuric acid in much the same way as Hantzsch had done, obtaining, however, somewhat 
different values. They also studied a wide range of organic and inorganic solutes and obtained 
results which, although broadly similar to those of Hantzsch, often differed quantitatively 
from his, essentially on account of the inaccurate experimental methods which constituted 
the best technique of that time. Some of Hantzsch’s qualitative conclusions had to be altered 
thus alcohols, which he had considered to behave as simple bases, were found by Oddo and 
Seandola to give 4 nearly three-fold depression of the freezing point, a clear indication that 
they become esterified with sulphuric acid (cf. Part VI). These authors were the first to 
recommend using as solvent, not pure sulphuric acid, but sulphuric acid containing a little 
water. However, they were not able to advance the correct reason for this procedure. 

Reference will be made in acccompanying Parts of this series to the work of Poma (J. Céim. 
payssque, 1912, 10, 177) on the freezing points of sulphuric acid solutions of hydrogen sulphates 
fet. Part IV), and to that of Robles and Moles (Anal. Fis. Quwim., 1934, 32, 474; 1936, 34, 331) 
on the depressions of the freezing point of sulphuric acid produced by nitric acid and perchloric 
acid (of. Parts III and VI), and by the solutes water and sulphur trioxide (cf. Part 11). 

A definite improvement in experimental technique was achieved by Hammett and Deyrup 
(J. Amer. Chem. Soe, 1933, 55, 1900) and by Treffers and Hammett (ibid., 1937, 59, 1788) 
Their freezing-point cell was of better design than those employed earlier. As solvent they 
used sulphuric acid containing a small amount of water, explaining that this was necessary in 
order to repress the self-ionisation of the solvent, and they corrected their freezing points for 
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supercooling. In their calculations they allowed for the non-proportionality of molality and 
mol.-fraction, and for the p d of the latent heat of fusion of the solvent. 
For the cryoscopic constant they employed a value given by a calorimetric determination by 
Bronsted of the heat of fusion of sulphuric acid. They applied their methods mainly to the 


study of weak organic bases, and to the forms of ionisation undergone by carboxylic acids in 
solvent sulphuric acid 


The investigation of carboxylic acids and their esters has been carried further by Newman, 
Ruivila, and Garrett (ibid., 1945, 67, 704), Kuhn and Corwin (ibid., 1948, 70, 3370), and Kuhn 
(ibid., 1949, 71, 1575). Three other recent reports on the freezing points of sulphuric acid 
solutions have appeared, one by ourselves dealing with solutions of nitric acid, dinitrogen 
pentoxide, dinitrogen tetroxide, and dinitrogen trioxide (Nature, 
1946, 158, 480), one by Kuhn concerning the first two of these 
solutes and also ethy! nitrate (J). Amer. Chem. Soc., 1947, 69, 1974), 
and one by Price on the properties of siloxanes as solutes (ibid., 1948, 
70, 871) 


(1.3) « rire paratus and Experimental Procedure -—in principle, the Beck- 
mann method was used in order to measure freezing points, although the 
usual apparatus was considerably modified m order to prevent error due 
to the intrusion of water vapour, and, generally, to secure a satisfactory 
standard of accuracy.* 


The freezing-point cel) (see Fig. 1), which was similar in type to that 
used by Trefiers and Hammett, was designed to allow the use of a convenient 
quantity of sulphuric acid, to secure adequate immersion of the thermo 
meter, to permit efficient ee and to provide suitable means for the 
introduction of liquid or solid in all circumstances, to keep 
out unwanted moisture. The ground- tn head of the cell carried all necessary 
fittings, viz., two standard ground joints, one accommodating the thermo- 
meter and the other a stopper, and two sealed-in, vertical, tubes, closed at 
the top, to act as guides for the electromagnetic stirrer. The stirrer 
consisted of a glass 1* joined at the top of two vertical glass rods, to the 
upper end of each of which a closed glass tube containing a soft-iron rod 
was sealed. The stirrer was actuated by two solenoids, supported one on 

each of the guide-tubes, and fed by an intermittent direct current, the 
period of which was controlled by a mercury switch, rocked by a rotating 
cam, driven by an electric motor. It was unnecessary to provide 
cooling jackets for the solenoids, which produced no appreciable thermal 
disturbance 


In the early stages of this work an ordinary Beckmann mercury thermo- 
meter was used. It was fitted to the freezing-point cell by means of rubber 
tubing impregnated with paraffin wax. This thermometer was later re- 
placed by a platinum-resistance thermometer, with which all the final sets 
of measurements recorded in these were made. Small differences of 
temperature could be measured (to 0-001°) equally well with either thermo- 
meter, but the measurement of temperature in an absolute sense © 001") 
was made much easier by the use of the resistance Further. 
more, this thermometer was designed and built as of the equipment. 
so that its dimensions were optimal ; and it had, on to its hard-giass 
sheath, a standard ground joint by which it could be fitted to the cell-head 
it was a definite advantage to be able to avoid the use of rubber in the 
38 pparatus. Calibrated at the National Physical Laboratory, this thermometer had the resistance 

+0435 + 0-0005 ohms at 0°, and 41-802 + 0-001 ohms at 100°. The resistance of the thermometer, 
which was of the potential- lead type, was measured with the aid of a Smith's difference-bridge. 

The opening in the cell-head, which normally accommodated a stopper, provided a way for the 
introduction of solutes with the aid of suitable delivery apparatus. In order fo prevent the incursion 
of water vapour during measurements, it was found essential to grease all ground-joints; and for this 
purpose Apiezon M grease was used 








The ———— cell was supported in an air-jacket provided with an upward-sloping side-arm ; 


and the air-} was surrou by a water-bath containing a stirrer, a heater, and a cooling unit 
The ature of the bath could ——— raised by the electric heater, a ae Sa 
alcohol through the cooling coils, and thus readily controlled to within 0-1° 

In order to make a series of freezing-point measurements, a amount of sulphuric acid (about 
120 g.) was introduced into the cell, and allowed to remain over-night, in order that any moisture present 
might be absorbed. By adjusting the ature of the bath, the temperature of the sulphuric acid 
was then reduced until a superc seling of about 15° had toon attained. er > oS 
was then brought to 1-2° SOs" below the frocsing point of the exlpharle oct. crystallisation was 





* The earlier stages of deve t of the methods described in this section were carried through 
by Professor J. Graham and Dr R. A. Peeling, whose basic work is gratefully acknowledged. 
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started by touc Co Se res Sa: 8 pet pica a eae ee Gaakn, wes te sees 
of a holder down sude-arm of the aur-jacket. The temperature just before crystallisation was taken 
as the supercon pana eel and the steady maximum of temperature, reached after crystallisation, 
was accepted as freezing point. The measurement could be r 
Measurements were made after the introduction of successive 
found that. provided that any necessary thermometmnc Corrections were 
for supercesiing as soted in Section 1.4, the freezing * could be reproduced to withia 0-002° even 
after the solution had been allowed to remain in the cell for several days—a clear proof that the cell was 
mowture- tight 

Liquid solvents were introguced with the aid of a weight-pipette, one arm of which was long enough 
te reach down almost to the surface of the sulphuric acid Somes granular solids were added by means 
of a kind of weight-burette, having a tap with a wide bore, and a long, wide stem, which could be closed 
with a cap for weighing. Solids which were difficult to handle thus were introduced as concentrated 
solutions in sulphuric acid by the use of the weight pipette 

In some experiments the solvent was sulphuric acid having the maximal freezing point. In others, 
indeed in most, it was sulphuric acid to which sufficient water had been added to suppress the self- 
tonisation of the pure acid 

(1.4) The Correction for Supercooling.—To each observed freezing point a correction for the super- 
cooling of the solution has to be added. Let 7, be = ‘Sensing point of the pure sulphuric acid, and T 
the true freezing point of the solution, so that T is the true depression of the freezing point. 
Let T, be the observed freezing point of the Sutton’ so that @, = 7, — 7, is the observed depression 
Let T, be the supercooling temperature, so that S — 7 T, the amount of supercooling hen the 
re< uised correction for the superc ooling is 87 = T * %, @. and we shall show that it has the 
valve 67 OOLZSe, 

Por, if the solute was dissolved in W g.-mols. of solvent before the crystallisation, but in only W, 
g mols. afterwards, then we have 


8, =< WW 


very approximately. Further, if AH’ m the molar heat of fusion of the solvent, and C,' is its molar 
heat capacity im the liquid state, then, considering the heat balance, we can write 


AW — Wy) = CSW 


in sufficient approximation. Eliminating W and W, between these two equations, we obtain the follow- 
ing formula for the supercooling correction 


ST = 0, — @ — — — 


If we take the value 32-1 cal. g.-mol.~* deg.“', extrapolated from the data of Rabin (cf. Yost and Russell, 

Systematic Inorganic Chemustry,”” Prentice-Hall, New York, 1944, p. 337), as the molar heat capacity 
of Liquid sulphuric acid at its freezing point, and a figure 2605 cal. g.-mol.-', deduced in Section 2.5, for 
the molar heat of fusion of sulphuric acid, then we obtain for the coefficient C,'/AH’ the value 0-012 
deg ', which appears in the formala given above. 


(1.5) » Factors and »-Factors,-Results relating to the lowering of the freezing point of a 
solvent by a solute have often been expressed in terms of what are called van't Hoft's +-factors, 
but confusion has ansen through the use, explicitly or implicitly, of incorrect interpretations 
of such factors 

The van't Hoff +-factor is correctly defined as the ratio of the actual depression caused by 
a solute in the freezing point of the solvent to the depression which would be found in an 
equimnolal solution of an ideal, non-solvated, non-electrolyte. When van't Hoff introduced 
his +-factors, he intended them to cover all deviations of the behaviour of real solutions from 
the equations, based on his ideal osmotic-pressure law, which applied to ideal solutions. No 
question then arose as to the physical origin of the deviations. However, following Arrhenius, 
it became usual to consider + as equal to the number of kinetically separate particles (molecules 
or sons) which are prodaced by the addition to the solution of one molecule of the solute, This 
interpretation remained customary until Lewis and Randall pointed out that it could not be 
correct Thermodynamics,” McGraw-Hill, New York, 1923, p. 341), and that, for example, 
a degree of dissociation thus deduced from an i-factor was not the thermodynamic degree of 
dissociation. We now understand that an t-factor, as properly defined, is an over-all result 
arising from both the numbers of the different kinds of particles, and the forces they exert, or, 
in other words, from the concentrations of solute particies and the departure of the solution 
from nlealty in general, the +-factor measures an almost inextricable mixture of these two 
effects, and, as we shall see in more detail presently, even if a solution were strictly ideal, the 
precise relation between the i-factor and the number of solute particles would always have a 
complicated form, excepting in the special case in which 1 1. In spite of all this, van't 
Hoti's +-factors have been used in comparatively recent years in the sense of Arrhenius’s partly 
incorrect uiterpretation 
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In work on solutions in such a solvent as sulphuric acid one's chief interest is usually in 
the number of the solute particles, rather than in the effects of the forces they exert. For this 
reason, and in order to avoid confusion, we shall introduce another symbol to represent the 
average number of kinetically separate, dissolved, particles (molecules or ions) that are produced 
by the addition to the solution of one molecule of solute, calling this number the v-factor of 
the solute. 

In discussions concerning freezing-point measurements of low accuracy, the numerical 
differences between #-factors and v-factors are of no practical consequence. However, when 
computing with modern cryoscopic data, it is desirable, for practical reasons, that a clear 
distinction between the two quantities should be maintained. 

Theoretically, the distinction between i-factors and v-factors is fundamental. On the one 
hand, the i-factor expresses, in a complicated and inexact way, a thermodynamic property of 
the solvent in the solution. On the other, the v-factor expresses simply and exactly, a 
property of the solute in the solution. 

Lewis and Randal] knew that the factor i has no simple thermodynamic meaning; but they 
were obviously trying to find some meaning for it when they wrote: “ At best the factor é gives 
the ratio of the lowering of the activity of the solvent to the lowering which would be produced 
by a normal undissociated substance." However, even this is not correct; though it would be 
correct to say that the factor i is approximately equal to the ratio of the change in the logarithm 
of the activity of the solvent to the change in this quantity which would be observed in an 
equimola] solution of an ideal non-electrolyte.* From this it will be apparent that the factor 
i retains no very useful meaning, even in relation to the solvent. It certainly has none in relation 
to the solute, the properties of which are best defined by means of its y-factor and the activity 
coefficients of the dissolved species. This method preserves as clear a distinction as is possible 
between the effect of the number of the solute particles and the effects due to their forces. 

(1.6) Calculation of v-Factors.—In order to reduce the following calculation to the simplest 
possible form, we shall at the outset introduce a conclusion, which actually was reached only 
after a fairly extensive study of freezing points of solutions in sulphuric acid; and of necessity 
we shall defer until later the presentation of the supporting evidence. It was pointed out by 
Hammett and Deyrup (loc. cit.) that inter-ionic forces in sulphuric acid solutions must be 
unusually small. The present conclusion is that they are completely negligible. More 
specifically, it is concluded that, to the best standards of accuracy that we can attain experi- 
mentally, dilute solutions in sulphuric acid, even solutions of ionised solutes, can be considered 
ideal. This implies that inter-ionic activity effects are so weak as to require that the dielectric 
constant of sulphuric acid shal] be very much greater than that of any solvent whose dielectric 
constant has yet been measured. Such a “ ferroelectric” dielectric constant is not incon- 
ceivable, if we may assume co-operative orientation in suitably associated structures (and 
there is, of course, plenty of evidence of association). A direct test of this deduction is being 
undertaken by one of us (R. J. G.) in association with Dr. D. J. Millen. In the meantime we 
shall reduce our cryoscopic results on the basis that the solutions can be treated as ideal, 4¢., 
that the relevant activity coefficients may be set equal to unity. It should perhaps be stated 
here that the assumption of ideality does not wipe out the numerical differences between 
v-factors and 1-factors (except for dilute solutions of a non-solvated non-electrolyte, for which 
v= te== 1). This will become clearer as we proceed to calculate v 

Consider the equilibrium between the pure solid solvent and solutions of variable con- 
centration at a constant pressure of one atmosphere. Let us denote activities by @, mol.- 
fractions by N, and molalities by m, with subscripts 1 and 2 referring to the solvent and solute, 
respectively. The basic equation for the variation of the activity of the solvent as the freezing 
point varies is 

din a, dT = AW’/RT* 


but, in view of our conclusion concerning the ideality of the solutions in which we are interested, 
we can replace this equation by the following : 


din N,/4T = SH7/RT® 


* This follows from a consideration of the equation d In a,/dT « AH’/RT*, where a, is the activity, 
and H! is the heat of fusion, of the solvent in a solution of freezing-point T. Com two such 
equations, one for a solution of a real solute, and the other for an equimolal solution of an solute, 
we derive the statement in the text by taking the right-hand sides as equal. A approximation 
of this form involves lecting all terms after the first in the expansion of /RT* about its value 
in the pure solvent, AH //RT,*, in powers of the freezing-point depression T, — T. 
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Since we usually express the composition of solutions in terms of the molality of the solute, 
rather than the mol.-fraction of the solvent, it becomes convenient to transform this equation 


as follows 
dT jdm, ~ (RT*/AH)id in N,/dm,) . . al 


We have now to calculate the two factors on the right, so let us consider the factor 
din N,/dm, In many of our experiments the solvent was pre-treated with a small amount of 
water before addition of the solute in which we were interested; and for this and other 
reasons it is convenient here to consider the general case in which two solutes A and B are 
employed. Suppose that one molecule of the solute A interacts with s, molecules of sulphuric 
acid to form a total number v, of dissolved ions and non-ionised molecules, and that one molecule 
of solute B reacts with s, molecules of sulphuric acid to give v, dissolved ions and molecules 


A + %4H,S0, = pP + qQ rR 
f * q ~~ + “+ My 
B + s,H,SO, « #X + y¥ 


s+ yta se a 


Then, if m, is the molality of the solute A and m, that of B, we may write the following expression 
for N, 
NV, = (my Sgiy — SyhMy) {mr 


From this, by differentiation, we obtain the result 
din N, * 2s, 
~~ a 

provided that we neglect second and higher orders in the small quantities m, m, and m,/m, 

The calculation of the factor RT*/AH! involves taking account of the variation of AH’ with 
T. Wf AH is the molar heat of fusion of pure sulphuric acid, i¢,, its latent heat at the 
temperature T,, then the latent heat AH/ at the temperature T is to be computed by integrating 
Kirchhoff's equation 

MANN /8T = C,! ~C AC, 


where C, and C,’ are the molar heat capacities of liquid and solid sulphuric acid, respectively, 


at the freezing point. Disregarding, as we may with sufficient approximation, the temperature 
dependence of AC,, we find for the integral, 


AHS — SH! = SC,(T, — 17 AC,@ 
and trom this, bw neglecting second- and higher-order terms in the small quantities 
(AH,/ Mi!) SH,f and 6/T,, we obtain 
—38 20 | AC, Oy 
iv AHS rT,’ Ags 


Substituting from equations (2) and (3) in equation (1) and remembering that dT = — d6 
we find 
1@ Ri* / 
* 
Lm, m All? \ 


Hg) Hg _ + ’ ‘ sd hk Ud | 


e 
2 AC, 
; 
i 


4 ‘ 2s 
~~ aA} 1 * j 


Che equation for a small but finite change 46 in the freezing-point depression, caused by a small 
but finite change \m, in the molality of solute A, is similar, except that, on the left, the ratio 
4S6/Am, will replace the differential coefficient, and, on the nght, the mean freezing-point 
depression 6, and the mean molality m, of solute A, over the finite interval, will replace 6 and 
m, respectively 

The factor BT? /m, AH,/ is a constant of the solvent, viz., the cryoscopic constant 4y. Another 
constant of the solvent is m,, which has the value 1000/08-°076 = 10°196 g -mol kg The 
factor (2 7, AC, AH,/) may be computed to be 00035 deg from the following values 
MH! = 2605 cal. g -mol.~ (ef. Section 3), 7, = 10°36" c 283°5° K. (cf. Section 4), and AC, = 92 
cal. g.-mol.-' deg! (from Rubin's calorimetric data, cf. Yost and Russell, op. cit.) Thus, 
retaining smal! quantities in the first order only, we can express the freezing-point equation in 
the following form 


ae et [1 000858 « 


tm, 
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In the special case in which the solute B is water in a low concentration, we may assume, 
with sufficient accuracy for our present purpose, a reaction according to the equation 
H,O + 2H,SO, = H,O+(H,SO, + HSO,- 
It is shown in Part II that in dilute solution in sulphuric acid water ionises almost completely 
aceording to an equation of this general type, one of the formed ions being solvated with 
approximately one molecule of sulphuric acid. Thus we may substitute s, — 2 and v, = 2 in 
equation (4), with the following result : 


Bh = sft — oomans + (2h — ala + 2) ® 
This equation gives the change in the freezing-point depression, 46, caused by a small change 
Am, in the molality of the experimental solute A, in the presence of a small amount of water 
of fixed molality m,. This is the equation which, in this series of papers, has been used for 
many of the calculations of v-factors from cryoscopic data, although for some calculations 
other forms of the general equation (4) have been employed. 

Hammett and Deyrup (loc. eit.) used equations which, apart from a minor numerical 
difference, may be regarded as special cases of equation (5). They called the quantity which 
we term v,, the van't Hoff factor i; but it will be evident that, even with the assumption of 
ideality, the factor v,, and the van't Hoff factor i as properly defined, are in general not numerically 
identical. Two reasons for this appear when we examine equation (5). First, the trinomial [ } 
contains v,; and for that reason alone the trinomial will not, in general, cancel out when, with 
the object of computing the true factor 1 for an electrolytic solute, we calculate the ratio of 
A6/Am, for the solute (v, # 1) to A6/Am, for an ideal, non-solvated, non-electrolyte (v, = 1) 
Secondly, the expression [ ] also contains s,; wherefore solvation, even the solvation of a non- 
electrolyte, will alter i, though it cannot alter v. 





(2) Cryoscopic Constant of Sulphurte Acid. 


(2.1) Previous Determinations of the Cryoscopic Constant.—The determination of an accurate 
value for the cryoscopic constant of sulphuric acid is a matter of some difficulty. There are 
two ways of obtaining the cryoscopic constant of a solvent: either it can be measured by 


observation of the depression of freezing point caused by a solute which is believed not to ionise 
or react in any way with the solvent; or it can be calculated from the calorimetrically deter- 
mined latent heat of fusion of the solvent. Both methods have been used in the case of sulphuric 
acid; but it appears that the number of substances which are appreciably soluble in sulphuric 
acid, but do not react with it, is very small; and, as we shall note later, there seems to be no 
reliable calorimetric value for the heat of fusion of sulphuric acid. 

Previous investigators have employed considerably varying values of the cryoscopic constant 
of sulphuric acid. Hantzsch used the value 7:00 deg. g.-mol.~ kg., which was an average figure, 
deduced from freezing-point depressions given by the following solutes: trichloroacetic acid, 
2: 4-dinitromesitylene, 1 : 3: 5-trinitrobenzene, 2 : 4: 6-trinitrotoluene, picric acid, phthalic 
anhydride, oxalic acid, and methyl sulphate. He found that all these substances had little 
effect on the electrical conductivity of sulphuric acid, and that they all gave about the same 
molal depression of the freezing point. 

Oddo and Scandola adopted the value 6°81 deg. g.-mol.~* kg., which they derived from the 
freezing-point depressions given by the solutes phosphorus oxychloride and sulphury! chloride. 
Later, Oddo changed this figure to 6-9 deg. g.-mol.-" kg. This was an average value, in com- 
puting which account was taken of cryoscopic data relating to the solutes trichloroacetic acid, 
1: 3: 5-trinitrobenzene, and picric acid, solutes which had been used by Hantzsch. Oddo 
pointed out that the employment of phthalic anhydride, oxalic acid, and methy! sulphate, 
which had also been used by Hantzsch, led to values of the cryoscopic constant which depended 
on the concentration of the solute; and that it was therefore to be presumed that these solutes 
reacted with sulphuric acid 

Hammett and Deyrup derived the mean values 6-00, 6°26, and 6°11 deg. g.-mol.~* kg. from 
cryoscopic measurements with the solutes trichloroacetic acid, 1 ; 3: 5-trinitrobenzene, and 
picric acid, respectively. Robles and Moles obtained an average value of 6°55 deg. g.-mol.-* kg. 
from the freezing-point depressions produced by trichloroacetic acid, picric acid, nitrobenzene, 
and 2: 4: 6-trinitrotoluene. They surveyed the values of the cryoscopic constant given by 


previous workers—values ranging from 6°0 to 7:0 deg. g.-mol.~' kg.—and concluded in favour of 
a best value of 6°56 deg. g.-mol.* kg. 
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The large divergencies between these figures arise in part from errors of experimental method, 
such as failure to correct for supercooling, failure to control the suppression of the self-ionisation 
of the solvent, and failure to prevent intrusions of moisture; but, as will be established in 
Section 2.2 of this paper, and particularly in Part VII, they are due much more to the circum- 
stance that almost all the solutes employed behave as weak bases, becoming ionised in varying 
degrees, whilst some also react in other ways with the solvent. 

As for the second method of determining the cryoscopic constant, the following values of the 
molar heat of fusion of sulphuric acid are recorded : 


Berthelot (Compt. rend., 1874, 78, 716) . — —— vesseceeeeee $60 cal. g.-mol.* 
Pickering (/., 1800, §7, 365; Proc. Roy. Soc., 1891, 4, 11) shone — oi 
Kaietach (cf. Hantesch, Z. physAai —- 1008, 61, 262) ....... -» 2236 * 

* (recalculated by ed, a * 
Brousted (Z. paysihal. Chem., 1909, —128 —B hit il 2550 =! 
Rubin (cf. Yost and Russell, of GB.) svereccceees — — 2661 


Pickering’s figure for the latent heat of fusion leads to a value 6°65 deg. g· mol. · kg. for the 
eryoscopic constant. Brdénsted’s latent heat value gives 6°15 deg. g-mol-' kg. This is the 
figure which Hammett and Deyrup adopted in their work, considering it to be in satisfactory 
agreement with, and therefore to be the value indicated by, the various determinations which 
they had made by direct observation of freezing-point depressions. From Rubin's latent heat 
value one may calculate the figure 6°12 deg. g.-mol.~' kg. for the cryoscopic constant. 

Although Rubin's value of the heat of fusion is undoubtedly the most accurate yet obtained, 
it cannot be correct; for the freezing point of the acid used was only 10°31°, whereas the 
freezing point of sulphuric acid has been found in this investigation to be 10°36° (Section 4). 
Small amounts of impurities may lead to quite large errors in calorimetric measurements of 
the latent heat of fusion, because they cause pre-melting, for which it is difficult to make an 
accurate correction. It may well be supposed that Rubin's acid contained a small amount of 
either sulphur trioxide or water, for, as has been mentioned already, it is impossible accurately 
to control the composition of sulphuric acid by chemical analysis, or to obtain the pure acid by 
any method other than the adjustment of its freezing point. We may conclude, therefore, 
that Rubin's latent heat value, although it is the highest yet recorded, is nevertheless too low, 
and that the cryoscopic constant to which it leads is correspondingly high. 

(2.2) Cryescopte Evaluation of the Constant (First Method).—-In our search for substances 
which would dissolve unchanged in sulphuric acid, and thus permit a determination of the 
cryoscopic constant of that solvent by direct observation of their effect on its freezing point, 
we examined the following solutes: sulphury!l chloride, chlorosulphonic acid, nitromethane, 
2: 4: 6trinitrotoluene, phosphorus oxychloride, and methyl sulphate. With each solute a 
number of experiments were carried out using sulphuric acid solvents of different composition : 
we used both sulphuric acid having the maximum freezing point, and sulphuric acid of which 
the freezing point had been reduced by the addition of different small concentrations of water. 
The results of the experiments on four of the solutes are recorded in Tables I-IV; the figures 
for the other two solutes are given in an accompanying paper (Part VII). 

A selection of these results is here shown as plots of the freezing-point depression against 
the molality of the solute. The plot for sulphury! chloride is seen in Fig. 2; independently 
of the water-content of the solvent, all the points lie on one curve. The data for chloro- 
sulphonic acid are exhibited in Fig. 3: these points le on a series of divergent curves, whose 
positions are dependent on the water-content of the solvent. The analogous plots for the 
other four solutes are not reproduced ; for each of these solutes, the representative points, for 
sets of readings with solvents having various fixed concentrations of water, lie either on only 
slightly separated curves, or to a very close approximation on a single curve. 

A complete and accurate graphical comparison of the behaviour of all these substances 
requires a plot on a larger scale than would be suitable for reproduction; but it is a useful 
preliminary step to make a comparison in the following approximate manner, namely, by reading 
off from diagrams, such as are shown in Figs. 2 and 3, the depressions of freezing point given 
by a O1 molal solution of each solute. The result of such a comparison is shown in Table V 
The concentration 01 molal is taken because, as we shall see presently, effects due to non- 
ideality are negligible up to concentrations at least as high as that. The depression of freezing 
point caused by a solute in 0-1 molal concentration is, of course, not exactly equal to one-tenth 
of the value of the cryoscopic constant, A which would be obtained in an application of 
equation (4) to the experimental! data; but the differences between one depression and another 
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for this fixed molality will reflect fairly closely the differences which would be found in values 
thus calculated for the cryoscopic constant. 


Taste I. 


Freezing points of solutions of sulphuryl chloride in sulphuric acid. 


Molality of 
$o,cCl, F. pt 
(Am,) (" c.). ay* 
Expt. No. 57. Molality of 
H,O (m,) = 0-006 
0-0350 
00-0645 
08-0923 
0.1363 
0- 1693 


Expt. No. 43 
10-211 
9-818 
9-619 
9-442 


Molality 


0-O0401 
0- 1020 
0-1335 


5-09 
oe 
581 


Molalt 


(Am,). 
Expt. No. 56. Molality of 
H,O (m,) = 0-015. 
10-291 
10-137 
9-923 
9743 
9 SBS 
9 408 


of 
F.p 
(* c.) 


0-0256 
0-0608 
o-0g08 
1181 
©1617 


of H,O (m,) = 0-025 
06-1822 
O- 1989 
0 2302 


Taste IL. 


Molali 
$0,C 
( 


of 
F. p. 

(*¢.). hy.* 
Expt. No. 42. Molality of 
H,O (m,) = 0-020. 
0-077 
O-OB80 
06-1190 
06-1425 
0-1661 
0- 1896 


Expt. No. 44. Molality of 
H,O (m,) = 0-082. 
10-165 - 
9 993 5-93 
Ons 6-00 
9-720 5-93 


0.0288 
0-0553 
00754 


* A, (in the units deg. g.-mol.~ kg.) is calculated from equation (5) with the substitutions 5, — 0 
and ». 


~1 
t Throughout these papers, °c. means degrees Celsius on the international scale of temperature. 


Freezing points of solutions of chlorosulphomtc acid im sulphuric acid, 


Molality of 
ClSO,H F. p. 
(Am,) (* c.). hy.* 
Expt. No. 47. Molality of 
H,O (m,) « 0-003 


00-0440 
0-005 
0- 1438 
0- 1996 


5-97 
6-00 
602 
5-08 


Molality of 
CI-SO,H Pp. 
(Am,). (*c.) 
Expt. No. 48. Molality of 
H,O (m,) = 0-034 
10-131 
9-746 
9-608 
9434 
9-225 


Expt. No. 46. Molality of 
H,O (m,) — 0-081. 
0-0664 
00-0908 
01501 
60-1926 


* Calculated from equation (5) with the substitutions s, « 0 and », — | (units_aslin Table I) 


Taste IIT. 


Freezing points of solutions of phosphorus oxychloride im sulphuric acid, 


Expt. No. 51. 
Freezing point of solvent ⸗ 


Molality H,O = 0-00. 


Mc ylality 
POCI,. 
0-0168 
0-0504 


Molality 
pod, 
0-0024 
01360 


F. p. (*c.) 
10-249 
9 906 


10-354". 


Expt. No. 49 


Freezing point of solvent « 10-150". 


Molality H,O = 0-035. 


Molality 
Pocl,. 
0-0219 
0-0586 


Taste IV. 


F. p. (* c.). 


Molality 
POCI, 
00-0878 
@1178 


10-002 
0-767 


Freezing point of solutions of methyl sulphate in sulphuric acid. 


Expt. No. 55. 


Freezing point of solvent — 10-348”. 


Expt. No. 53. 


Freezing point of solvent = 10-186°. 





Molality H,O = 0-031. 

Molality Molalit Molali 

(CHJ.S0, F.p.(¢). (CHgeS0,- Fp. ("¢). (CaSO, F. p.(*e) 
0-0735 9-566 06-0333 9-97: 00-1309 9-262 


4 
0-1017 9-671 00724 


9710 
0.1063 9-487 


Molality H,O = 0-00. 
Molalhi 
(CH,) 


t 
50). F. p. (*c.). 
06-0161 10-244 


0-466 10-054 


01645 9-06) 
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It will be clear from Table V, and from such graphs as are reproduced here, that the differ- 
ences between the freezing-point depressions given by the various solutes in identical concen- 
tration are much larger than could be attributed to experimental error. The same inference 
can, indeed, be derived from a comparison of the results obtained by earlier workers: not- 
withstanding the larger experimental error, it is impossible to avoid the conclusion that the 


Fis. 2 Pia. 3. 


Depression of the freesing point of sulphuric Depression of the freezing —— of sulphurs 
acid by subphuryl <hlorsde acid by chlorosulp 


sc acid 


> 


— — — 


J 
> 
— 


7 
> e 
— — 


ng-poent depression (* 


Freezing paint depressron (°C 


free 


an. — a ae So * 
Molaiity of suiphuryl chloride Molality ef chioresulphenic acid 
H,O molality = 0-006 @ H,0 molality — 6-00 
Ools ¢ OOM 
ooze 0-081 
ozs 


0-032 


Taste V 
Depression of the freezing point of sulphuric acid by solutes in 0-1 molal concentration, 
Solute Expt Molality H,O Depression (m 
Sulphuryl chionde all 0000-03 6-590" 
Chiorosulphonic acid 7 0-00 0-590 
Nitromethane 32 0-04 6-625 
2:4: 6 Trinitrotoluene 30 0-07 0-655 


Methyl sulphate. , 55, 53 00-03 0-660 
Phosphorus oxychloride Si 0-00 0-675 


differences of behaviour between the different substances are real. This being so, we cannot 
be content to take an average from such results when computing the cryoscopic constant, or to 
adopt any other procedure for obtaining it which leaves the discrepancies unexplained 

Iwo of our solutes, sulphuryl chloride and chiorosulphonic acid, but the latter only in 
sulphuric acid of maximal freezing point, gave the same freezing-point depression at the con- 
centration 01 molal; and it is significant that, of all the substances examined, these two gave 
the smallest depressions. As none of our solutes is likely to be associated in dilute solution in 
sulphuric acid, the most obvious conclusion is that sulphury! chloride and chlorosulphonic acid 
dissolve unchanged, whereas all the other solutes ionise or react with the solvent in some other 
way 

From the freezing-point depressions given by sulphury! chloride in pure and in slightly 
aqueous sulphuric acid, and by chlorosulphonic acid in pure sulphuric acid, we have calculated 
the cryoscopic constants of sulphuric acid, using equation (5) with the substitutions s, = 0 and 
¥, ~ 1. The results of these calculations are given in the last columns of Tables I and II 

It is necessary to consider the limits of concentration within which the solutions, from whose 
freezing points we compute the cryoscopic constant, can be considered ideal. The curve 
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(Fig. 2) for the depression of freezing point given by sulphuryl chloride agrees very closely 
indeed up to a concentration of 0-12 molal with the almost linear form of curve required by 
equation (4) for an ideal solute; and, accordingly, we may conclude that over this range of 
concentration the solutions are accurately ideal. Above this limit the curve swings away 
slightly from the theoretical form; and this we interpret as an indication of non-ideality in 
these more concentrated solutions. The direction of the effect is such as might indicate a 
slight tendency to association of the solute; alternatively, it might point to a slight reduction 
in the ionising power of the medium as a whole, with consequent diminution in the extent of 
the ionisation of its constituents, sulphuric acid and water. We need not here discuss the very 
exact ideality of the dilute solution—4.¢., the apparent insignificance in sulphuric acid of the 
long-range forces between solute particles, which often produce appreciable non-ideality in 
dilute solution—because we shall presently encounter the same phenomenon in the much more 
remarkable case of ionic solutes. For chlorosulphonic acid, the range of ideality seems to 
extend at least to 0°20 molal 

We may then accept for consideration those calculated values of the cryoscopic constant 
which are based on measurements with solutions of sulphury! chloride and chlorosulphonic 
acid having concentrations within the indicated ranges of ideality. These values are assembled 
in Table VI. They indicate a figure, 5-98 deg. g.-mol.-* kg., for the constant, a value which we 
shall confirm in other ways 


Tasie VI. 
Determination of the cryoscopic constant (k,) of sulphuric acid 
(Method 1.) 
Molality 
Solute (and range of its molality). Expt. no of water. 
0-005 
Sulphury! 2 —* 
(0<m<0-12) : 
0-025 
0-032 
0-003 


Cc om — 


(0<m< 


Mean 5-08 


The behaviour of the other investigated solutes requires comment. The nature of the 
influence of water on the freezing-point depression produced by chlorosulphonic acid has not 
yet been unequivocally elucidated. There are two conceivable reactions between chloro- 
sulphonic acid and water; and the first of them is almost certainly in operation, whilst the 
second might be. The first is an acid-to-base proton transfer : 


Cl-SO,H + H,O = Cl-SO,~ + H,O* 


Since water is largely ionised as a binary electrolyte (cf. Part II), this process, if complete, 
would simply replace one binary electrolyte by another; and hence no change of freezing point 
would result when chlorosulphonic acid is added, until the amount of it began to exceed that 
of the originally present water. The second possible reaction with water involves hydrolytic 
separation of chlorine from the chlorosulphonic acid molecule : 


Cl-SO,H + H,O = HC! + H,SO, 


The cryoscopic behaviour of hydrogen chloride has not yet been determined, but under any 
hypothesis, the above hydrolysis, if complete, would cause the addition of chlorosulphonic 
acid to a sulphuric acid solution, already containing water, to produce either no change of 
freezing point, or a rise of freezing point, until the concentration of the added chlorosulphonic 
acid begins to exceed that of the water. The fact that, in the presence of water, we observe a 
depression, though a reduced one, from the commencement of the addition of the chioro- 
sulphonic acid, must be interpreted to mean that the above reactions at best proceed only 
partly in the forward direction. 

As the desirability of adding water to the sulphuric acid solvents employed for cryoscopic 
measurements is often emphasised, it may be noted here that the need for this precaution does 
not apply to measurements on non-ionising solutes. If a solute does not ionise, and does not 
react in any way with either the sulphuric acid or the water, then the presence of water in smal! 
amount cannot make any difference to the cryoscopic behaviour of the solute. This is illustrated 
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in the example of sulphuryl chioride. {a solute does not ionise, and does not react in any way 
with the sulphuric acid, but does react with the water, then we cannot hope to get correct 
eryoncopic results unless the water is omitted. This is the situation with 
acid, for instance. The object of adding water has significance in the case of basic solutes, and 
tonsming salts, because they generate the hydrogen sulphate ion, which is one of the ions produced 
by the self-ionisation of sulphuric acid. As the hydrogen sulphate ion, generated by a basic 
solute or an ionising salt, would repress the self-ionisation of the solvent, thereby disturbing 
the change of freezing point due to the solute, it is better largely to repress the self-ionisation 
initially, by the addition of a base, such as water, so that the solute under investigation can 
itself have little further effect in that direction. This type of case is exemplified by the nitro- 
compounds mentioned below; and there are some further illustrations in Sections 2.3 and 2.4 
Ot course, the originally added base need not be water: any strong base, such as benzoic acid 
or acetophenone, and, still more simply, any ionised sulphate or hydrogen sulphate will do 
what is necessary 

The choice of an agent for so modifying the solvent that errors caused by changes in its self- 
ionisation on addition of the experimental solute are avoided is really a more complicated 
matter than would appear from the explanation given above. It will be shown in Part IV 
that sulphuric acid suffers two forms of self-dissociation ; water has an advantage over other 
possible agents in that it suppresses both. It will be shown in Part II, however, that water 
does not behave as an infinitely strong base in sulphuric acid ; therefore water suffers from the 
disadvantage that its own degree of ionisation may be altered by the experimental solute 
When this solute produces a liberal supply of one or more of the dissociation products of the 
solvent, then the self-dissociation of the latter can be suppressed or stabilised by the use of 
some of the experimental! solute for this purpose 

We return to the discussion of the data in the preceding Tables. Of the other substances 
investigated, all of which gave greater depressions of the freezing point than did sulphury! 
chloride or chlorosulphonic acid, two, namely, nitromethane and 2: 4: 6-trinitrotoluene, will 
be considered in detail in Part VII. It will there be shown that these and other nitro-com 
pounds, including those used by all the earlier workers in their attempts to determine the 
eryoscopic constant, behave as weak bases in sulphuric acid, ionising to varying extents according 
to the general equation 

R-NO, + H,S¢ R-NO,H* + HSO.- 


Phosphorus oxychloride gave a freezing-point depression, which not only varied quite 
appreciably with the water content of the solvent, but also increased with the time. The 
readings of the freezing point which are here recorded as given by phosphorus oxychloride, 
were actually the steady values attained in each case several hours after the addition of the 
solute. It i clear from this alone that phosphorus oxychloride undergoes some form of 
solvolysis; and, of course, it may behave as a weak base, or its solvolysis products may behave 
as weak bases, in addition 

Oddo and Scandola first suggested (Gazzetta, 1910, 40, ii, 163) that methy! sulphate 
undergoes reaction with sulphuric acid, and the present results give support to that idea 
Here one suspects reversible solvolysis to methyl hydrogen sulphate. Methyl sulphate may 
act as a weak base in addition (cf. Part VII). 

Of the other substances which were used by the earlier workers for the purpose of deter- 
mining the cryoscopic constant, trichloroacetic acid and phthalic anhydride almost certainly 
behave as weak bases. They will be discussed in a later Part of this series. Presumably 
oxalic acid also behaves as a base, as do almost all carboxylic acids; but in any case oxalic 
acid decomposes in sulphuric acid 

The measurements of electrical conductivity on which Hantzsch relied in deriving his con- 
clusion that the solutes he used were non-electrolytes have little significance. Pure sulphuric 
acid is considerably self-ionised, and therefore has a substantial electrical conductivity. The 
addition of a weak base, which, besides providing a limited number of new ions, suppresses the 
ionisation of the solvent, is not expected to increase the conductivity very greatly. Actually, 
small increases, such as might be expected, were observed by Hantzsch in several cases. 

It would, of course, be desirable to have measurements of the depression of the freezing 
point of sulphuric acid by other non-reacting, non-ionising substances; but nearly all such 
substances are insoluble. It appears that liquid sulphuric acid possesses a very considerable 
amount of structure (as is indicated by its low vapour pressure and high viscosity), the molecules 
being held together in large groups by strong hydrogen bonds: and that such groups cannot in 
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general be broken into by a molecule unable to exert the strong forces of reaction or ionisation. 
It seems significant that the only soluble, non-reacting, non-ionising compounds that we have 
discovered have molecules which are similar in their general framework to the molecule of 
sulphuric acid, and are capable of participating in hydrogen bonds: such molecules may, 
perhaps, be pictured as replacing a sulphuric acid molecule in liquid sulphuric acid without 
producing more than a slight local fault im the structure. 

(2.3) Cryoscopic Evaluation of the Constant (Second Method).—It is not customary to employ 
salts as solutes for the purpose of evaluating a cryoscopic constant, because ionic interactions 
extend over considerable distances, and thus tend to produce non-ideality in quite dilute 
solutions. However, it transpires that in solvent sulphuric acid these electrostatic non- 
ideality effects are extremely small over ranges of concentration amply sufficient to permit 
good cryoscopic measurement; this peculiarity of sulphuric acid renders the use of salts 
entirely feasible. 

We have used two salts, viz, potassium sulphate and ammonium sulphate. We assume 
that, when dissolved in sulphuric acid, they are completely converted into the corresponding 
hydrogen sulphates. The chemical equation for the conversion being, ¢.¢., 

K,SO, + H,SO, = 2K* + 2HS0,- 
we must expect, if we disregard certain disturbances noted below, to calculate the cryoscopic 
constant A, from our results by means of equation (5) with the substitutions s, — 1 and v, = 4. 

Since we are relying in part upon hydrogen sulphate ions to produce the measured depression 
of the freezing point, it is necessary, as has been mentioned above, to control the self-ionisation 
of the sulpburic acid. This has been done in two ways. We first give the results of experiments 
in which added water was employed for the purpose. They are contained in Tables VII and 
VIII, and are shown graphically in Figs. 4 and 5 


Taste VII. 
Freezing points of solutions of potassium sulphate im aqueous sulphuric acid 
Aé (corr.) hy (deg. g.-mol.* kg.) 
K,SO, a⸗ rs ee J @ 
(Am,). (uncorr.). # = 0. nel, a=? ned ned awl a=? 
Expt. 86 (molality H,O, m, =~ 0-048. F. p. of treated solvent, 9-990° c.) 
0-0085 0-204" 0-210 . 0-207" 0-207° 614 
0-0169 0-405 0-416 : . . 615 
0.0239 0 563 0-577 606 
44 1.069 1-093 . 618 
0-0585 1-408 1-439 . : . 619 
0-0667 1-612 1-647 - 6-22 
0-0844 2051 2-096 2: 207 . 627 
Expt. 63 (molality H,O, m, = 0-056. F. p. of treated solvent, 9-001 
0-0182 0-438 O40 O-447 0-445 0-443 
U-0286 0-680 0-607 0-604 0-692 0-689 
00304 0-048 0-972 0-967 0-962 0-057 
0-0627 1-266 1-206 1-290 1264 1277 
Expt. 85 (molality H,O, m, = 0-045. F. p. of treated solvent, 10-022" c 
00499 1-198 1-225 1-220 1-214 1-208 617 
0-05900 1-429 1-461 1-454 1-448 1-441 
0-0700 1-701 1-738 1-730 1-723 1-715 6-26 
v0 0803 1-960 2003 1004 1-085 1-976 6% 





Taste VIII 
Freezing points of solutions of ammonium sulphate tn aqueous sulphuric acid. 
( ) . .g-mel ° 
Am,SO, as : ae corr . y (deg. « m kg.) - 
(Am,). (uncorr.). nom 0, ael ne 2. ne 0. nel, n= 2. 
Expt. 123 (molality water, m, — 0-058. F. p. of treated solvent, 9-837" c.) : 
0-01413 
0-02850 
0-04231 
0-07391 
0-08450 
0 1083 
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The calculation of accurate v-factors involves taking account of the already noted 
water docs not behave as an infinitely strong base in sulphuric acid, with the result 
water used to suppress the self-dissociation of the solvent has its own degree of ionisation 
altered by the added inorganic sulphate. Thus the depression of freezing point which follows 
the addition of the sulphate is smaller than it would have been if the effect of the pre-treatment 
water on the freezing point had remained constant. In order to correct for this, it is necessary 
to know the basicity constant for water K,(H,O) = (H,O*)(HSO,~)/(H,0) 


Fra. 4 Fis. 6 


Depression of the freezing pownt of water- Depression of the freezing porns of water- 
treated sulphuric acid by folassium treated sulphuric acid by ammonium 
sulphate sul phate 


—— . , ' 
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s 


> 
> 


o 


neering pont depression (°C 
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ws 
9 


6. @ Eapt. 63. @ Eapt. 6 
Cale. for kg ~~ & OS deg. g.-moi.~* Ag Cale. for ky = 598 deg. g.-mol.~* hg 
neglecting solvation (n — 0 neglecting solvation (n 0 
[vat aliowmg for solvation Diite, wing for solvation 
(a = 2 (an = 1 


In Part Il, the effect of added water on the freezing point of sulphuric acid is studied, and 
some values of Ky are deduced. They are not very accurate, depending as they do on the 
manner in which corrections are applied for residual, unrepressed self-dissociation, and for 
solvation of the jonic dissociation products. But a value deduced by a given procedure will 
accurately reproduce the experimental results, if it is applied in association with the same 
procedure. In the case now under discussion, the most convenient way of computing the 
part played by the water in modifying the freezing-point depression arising from the addition 
of the ionising sulphates is to use the value K,(H,O) « 0°72 g-mol. kg.~'. This requires that 
we omit any explicit correction for residual seli-dissociation, but allow for solvation of the 
hydroxonium ton with solvation number unity 

Employing the formula 072 {{v 1)", + (v 1 )on} (2 v), we first compute a 
v-factor for water in molality m,, in the presence of a molality m’ of hydrogen sulphate ions 
derived from the added potassium or ammonium sulphate. Then, from the v-factor, we 
calculate the freezing-point depression due to the water, by means of the appropriate form of 
equation (4), in applying which water is regarded as the experimental solute A, whilst the 
potassium or ammonium sulphate is taken as the solute B. We substitute s, = 2 and v, = 2 
for the reason explained in connexion with the derivation of equation (5); and, assuming each 
formed ion-pair, potassium hydrogen sulphate or ammonium hydrogen sulphate, to be solvated 
with # molecules of sulphuric acid, according to equations of some such form as 


2n + 1)H,SO, = 2K(H,SO,),.* + 2HSO,- 


we make the further substitutions s, = 28 + 1 and v, = 4, 


9 thus obtaining the specialised 
equation 


ae 5-O8em,/1 0.00356 + (2%, + ( + 1)mmy (10-20) 
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Here A6 is the depression of freezing point due to the water, m, is the molality of the water, 
and m, is that of the potassium or ammonium sulphate. Since at this stage a correction term 
only is being calculated, it is sufficient to insert, as has been done, the provisional value of the 
cryoscopic constant, 5-98 deg. g.-mol.-' kg., which was derived in Section 2.2. The deter- 
mination of the solvation number » is discussed below. By employing this equation, first 
with an experimental value of the sulphate molality m,, and then with m, set equal to zero, 
one obtains two values of A6, the difference between which is the correction sought. This has 
to be added to the observed depression of freezing point due to the sulphate, in order to correct 
for the changed behaviour of the pre-treatment water. Having thus obtained corrected depres- 
sions of freezing point due to the sulphate, one may now compute values of Ay by means of 
equation (5), in which A6, 6, Am,, and i, all now refer to potassium or ammonium sulphate, 
and m, refers to the pre-treatment water. Therefore we have to insert s, = 2n 4+ 1 and 
v, = 4, thus obtaining the following specialised form : 


AO/Am, — dag l — 0-00858 + {4(20 — 1)Ri, + (Qe + 1)m,}/20-40) 


We may direct attention first to the results of calculations in which solvation of the inorganic 
sulphate is neglected, so that » is set equal to zero. In Table VII one sees (cf. especially 
Expt. 86, in which Am, is varied over a 10-fold range) that the calculated values under the 
heading AAn = 0) are fairly steady at the lower values of Am,, but rise markedly at the higher 
values (the same is shown by Expts. 63 and 85, taken together). The direction of this non- 
ideality in the more concentrated solutions is not that which might indicate an effect of inter- 
ionic attraction. It is the direction which points to solvation of one or both of the formed 
ions as the source of the disturbance; and we shall try in this way to account for the effect 
In principle this is easily done: we have only to insert the appropriate value of the solvation 
number » into the equations already given. The best criterion for » is the constancy of A, over 
a range of concentrations of the solute. As Table VII shows, the condition of constancy is 
best satisfied by the value » = 2. Hence we conclude that the solvation number for potassium 
hydrogen sulphate is approximately 2, and that the mean value of A,, calculated with this 
solvation number, is the result which we should accept as the value of the cryoscopic constant 
given by this group of experiments. It appears that the solvation number of ammonium 
hydrogen sulphate is appreciably less than that of the potassium salt. This is confirmed in 
the experiments next to be mentioned; and a survey of all our results has led to the conclusion 
that, for the ammonium salt, the nearest integral value is mn = 1 

In our second procedure for dealing with sulphates, sulphuric acid of maximal freezing 
point was taken as solvent, and the first added portions of the experimental solutes were trusted 
to generate hydrogen sulphate ions in sufficient quantity largely to suppress their production 
from sulphuric acid. In this case, the residual, unrepressed production of hydrogen sulphate 
ions from the solvent was computed, and the appropriate allowances were made. It was 
assumed that dissociation processes which do not involve hydrogen sulphate ions remain 
unaltered by the added solute. Some results, obtained by this method for the solutes potassium 
and ammonium sulphate, are recorded in Tables IX and X 


Taste IX. 
Freezing points of solutions of potassium sulphate in anhydrous sulphuric acid. 


Depressions hy (deg. g.-mol.~* kg.) 


K,SO, ‘ 
Am, F p. (c.) A, 46, . ael 
Expt. 122 (F. p. of solvent, 10-357° c.) 

0-00579 

0-01205 

0-03653 

0-056 18 

0-07080 

0-08243 

6- 1268 


Expt. 121 (F. p. of solvent, 10-352 c.) : 
0-01548 
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Taste X. 


sulphate im anhydrous sulphuric acid. 
Depressions. hy* 





Am SO, . — — AmSO, F.p — — 
(Am,). ( ¢.) — (Am,) (" c.) as 4 — «On 1, 
Eapt. 110 (FP. p. of solvent, rc Expt. 111 (PF. p. of solvent, 10-350° c.) : 
9 402 : 001625 10-077 06-436" 0-382" 5-98 596 
e851 ; 003140 $739 ©7776 O746 6400 6e7 
ab : 004516 9420 1005 1073 600 5-95 
& 229 7 000465 8933 1562 1547 646 5-98 
7063 «62657 0~ = 2M ‘ 
7 489 


* In deg. g.-mol.* kg 
In calculating the results of these experiments, one has not to dea! with the variable degree 
of ionisation of water, and this permits some simplification of procedure. After enough salt 
has been added largely to suppress the production from sulphuric acid of hydrogen sulphate 
ions, the freezing-point curve runs very nearly linearly over a wide range of solute concentrations. 
So slight is the curvature that the graph may be produced back, as is shown in Fig. 6, to locate 


Fra. 6 
Depresison of the freezing point of anhydrous sulphuric acid by potassium sulphate and by 
ammonium \uifhate 
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with considerable precision, on the axis of zero solute concentration, a point which represents 
what the freezing point of sulphuric acid would be in the absence of that form of dissociation 
which generates hydrogen sulphate ions. The extrapolation can equally be made with the 
help of theoretical equations for freezing-point depression. The extrapolated freezing point 


lies at 10°52" c.* The depressions tabulated under the heading 46, are reckoned from this 
* In Parts [V and V the temperature 10-52° c. is obtained again in several different ways: it seems 
to be closely located 


It must not be confused with the temperature 10-62° c. deduced in Part II for 
the freezing point of sulphuric acid in the absence of al] forms of dissociation. 
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temperature. In general, a part of this depression wil! be caused by the products of that form 
of solvent dissociation which gives hydrogen sulphate ions, viz., the autoprotolytic reaction 
2H,SO, « H,SO,* + HSO,- 

Much of this dissociation process may have been suppressed by the introduced hydrogen 
sulphate ions, but a part will survive. How much survives can be calculated with the help 
of the ionic product 

Ky = [H,S0,*)[HSO,~) 1-7 = 10°* g-mol.* kg 
the determination of which is described in Part IV. From the concentration of added hydrogen 
sulphate ions, the concentration of surviving sulphuric acidium ions can thus be deduced; 
and from this, the partial depression of freezing point caused by un-repressed autoprotolysis may 
be derived by means of the formula 80 = 11°96(H,SO,*). By subtraction, A6, ⸗ A6, — 80, we 
obtain the corrected depressions, 6,, due to the added solute only. From 6,, we have now 
to compute &, by means of the appropriate specialisation of equation (5), viz 


AG’ /Am, = dhl — 0-00358 4. (4m — 2m, /10-20) 


where 6 is the difference between the real freezing point, 10°36°, of sulphuric acid and the mean 
between the extrapolated freezing point, 10°52°, and the observed freezing point of the solution 

In the above formula, » represents, as before, the solvation number of potassium or am- 
monium hydrogen sulphate. We have already concluded that the solvation numbers of 
potassium and ammonium hydrogen sulphate are approximately 2 and 1, respectively : these 
values are now confirmed, using the criterion of the constancy of the derived hy values. The 
latter we take to be the values, which are indicated by the present group of experiments, for 
the cryoscopic constant of sulphuric acid. 

We summarise in Table XI the values of the cryoscopic constant (A,, in units deg. g.-mol.~* kg.) 
which follow from these experiments on the depression of the freezing point of water-treated, 
and of anhydrous, sulphuric acid by the solutes potassium and ammonium sulphate. Theoretical 
curves of freezing-point depression, calculated from the equations already given, with the use 
therein of the cryoscopic constant 5°97 deg. g.-mol~' kg, are shown in Pigs. 4, 5, and 6 
Evidently, they well represent the observational data 


Taste XI 
Determination of the cryoscopic constant ky (deg. g.-moi.~* hg.) of sudphuric acid 
(Method 2.) 
Expt Solute Water Expt Solute Water 
no molality. molality Solute no molality. molality A, 
88 001008 0-047 123 002-011 0-058 6-00 
86 0-02—0-05 0-048 . Am,SO, {hie 0040-03 0-001 5 96 
4+ 88 0-05—0-08 0-056 ill 0-04— 0-06 0-002 5-97 
122 0-06—0-13 0-000 
121 006-008 06001 


(2.4) Cryoscopic Evaluation of the Constant (Third Method).—-The conclusion that electro- 
static activity effects are negligible in dilute solution in sulphuric acid allows us, subject to 
certain limitations, to employ organic bases for the determination of the cryoscopic constant 
The limitations are that the bases shall be completely ionised according to the general equation 

B + H,SO, « BH* + HSO,-, 
that they shall have no basic centre other than the one responsible for this reaction, and that 
they shall not react with the solvent in any other way than as bases. We have found a number 
of quite differently constituted organic bases which fulfil these conditions. They all give 
essentially the same final result, as we shall here illustrate with the solutes acetone and acetic 
acid, leaving the other cases for record, and for discussion on different lines, in later parts of the 
series 

The experimental results are given in Tables XII and XIII. The observed depressions of 
freezing point are represented graphically in Fig. 7, from which it will be seen that the depressions 
given by the two solutes define a common curve. 

According to the chemical equation given above, the measured depressions of freezing point 
will be due in part to hydrogen sulphate ions; and therefore we have to employ sulphuric acid 
solvents in which the self-dissociation of the sulphuric acid has been suppressed. The suppres- 
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sion was secured by pre-treatment with water. This necessitated correcting the observed 
depressions of freezing point, just as us described in Section 2.3, for that change in the degree 
of ionisation of the water which results from the generation of hydrogen sulphate ions by the 
added organic base. From the corrected depressions, the cryoscopic constant, Ay, was calculated 
by means of equation (5), with the substitutions, s, — 1 and v, = 2, as required by the above- 
written chemical equation. These calculations were made at first without regard to possible 
solvation of the ions of the organic oxonium hydrogen sulphate. 


Taste XII 
Freemng points of solutions of acetone im sulphuric acid 
Me,CO as Aa corr.) : 3 hy (deg mol. kg 
Am,) (uncors a= 0 nel n = 2. now 0. nol 
ELapt. 92 (molality HO, m, « 0-045. F. p. of treated solvent, 10-016* c.) 
Oolm oom, 0 206" 0-204" 0203 508 
0-o 7K? 0-337 346 oS “342 - 602 
00476 0 565 0-578 0-575 0-572 5-07 
0-067) o709 Ose ose 0-808 . 507 
conte 12 1-060 1045 1040 . 597 
o 1168 1383 jail 1406 1-398 596 


Tassie XIII 


Freezing pownts of solutions of acetic acid in sulphuric acid 
co hy, — g.-maol,-* ) 
Me-CO,H a : se ant.) ; — A ky 
Am, ancort a«@ anel ae? ne * 
Expt. 89 (molality H,O, m, « 0-050. F. p. of treated solvent, 9-977" « 


0 0332 © 397" 0 404 0-402" 
00-0462 0553 g O 563 0 560 
0 0609 0-72) 7 733 O71 
11066 1.388 alo 1-403 
0 1533 1 82s 1 856 1-847 

Eapt. 88 (molality HO, », F. p. of treated solvent, 0851" c.) : 
00261 9411 ois oS17 610 
#0731 wesT2 J —— 611 
1142 1 346 1-372 6-08 
O 1390 1652 02 1-683 7 6-10 
oiler 1 762 17 611 
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The more general treatment of the data takes account of the possibility that either or both 
of the ions of the organic oxonium hydrogen sulphate may be solvated with a total of » molecules 
of solvent. The chemical equation for the ionisation of the organic base then takes some such 
form as the following: 

B + (» + 1)H,SO, « BH(H,SO,,* + HSO,- 


Accordingly we have to employ equation (5) with the substitutions s <5 + 1 and v, = 2, 
where » is not necessarily zero. These calculations have been made for a number of values 
of », and the results are given in Tables XII and XIII. Using the criterion of the constancy 
of hy, it follows that the investigated range of #-values, 0—2, contains the true solvation 
number, the best round value of which is 1. The mean 4, values, obtained on this basis from 
the results of the different experiments, are summarised in Table XTV 


Taste XIV. 


Determination of the cryoscopic constant (ky) of sulphuric acid, 
Method 3. 
Solute (and range of its molality Expt. no Molality of water. 
Acetone (0<m< 0-12) ........ 92 0-045 


, 0-050 
Acetic acid (0< m< 0-16) + 0-063 


Employing the mean value hy = 5°97 deg. g.-mol.-' kg., theoretical curves of freezing-point 
depressions for basic solutes, such as acetone and acetic acid, have been computed assuming 
the solvation numbers 0 and 1. These are shown in Fig. 7, together with the experimental 
points for acetone and acetic acid. 

(2.5) Values of the Cryoscopic Constant.—In the preceding sections, three groups of experi- 
ments have been reported, through which we have sought to determine the cryoscopic constant 
of sulphuric acid. They give closely concordant results, which are noted in Table XV. 


Taste XV. 
Cryoscopically determined values of the ervoscopic constant of sulphuric acid. 
Method Section Types of solute Examples. hy (deg. g.-mol.* kg 
(1) 2 Non-electrolytes $0,Cl,, Ci-SO,H 
(2) 2.3 Salts K,SO , (NH,),SO, 
(3) 4 Hases Me,CO, Me-CO,H 


Because of the more direct nature of the procedure involved in applying method (1), we 
weight its result more highly than those of the other two methods; but the latter furnish useful 
confirmation. Accordingly, we have adopted the value 


hy = 5-98 deg. g.-mol.* kg 


as the uniform basis of the calculations reported in the accompanying papers of this series. 


(3) The Heat of Fusion of Sulphuric Acid 


It is considered that the figure 4, =< 5°98 deg. g.-mol.~* kg. is more nearly correct than any 
previously derived value for the cryoscopic constant of sulphuric acid. Therefore we have 
used this figure for the purpose of computing a value for the heat of fusion of sulphuric acid, 
hoping that the value so derived will be more nearly correct than any of the values which have 
been determined calorimetrically. Employing the formula 4H! = RT /kym,, and the numerical 
data R = 19866 cal. deg.-' g.-mol.-*, 7, = 10°36° c. = 283°5° K., hy = 5°08 deg. g-mol.-* kg, 
and m, = 10°196 g -mol. kg.~', we obtain for the molar heat of fusion AH,/ = 2605 cal. g -mol.“ 


(4) The Freezing Point of Sulphuric Acid. 


It has been mentioned that the only practicable way of preparing sulphuric acid free from 
an excess of.either sulphur trioxide or water is to adjust its composition, by the addition of one 
or other of these solutes, until the freezing point reaches a maximum. This has been done on 
numerous occasions with many sample§ of sulphuric acid; and always the freezing-point 
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maximeam has been found to lie between 10°35° and 10°36°. The readings have usually lain 
im the range 10°356° 4 0-002°, but the standardisation of our temperatures on the international 
scale of temperature cannot be guaranteed to the last of these figures, and our value for the 
freezing point is therefore quoted as 10°36*° + 001° c. 

This result seems very surprising, because most of the previously recorded values lie higher. 
The following freezing pomts of sulphuric acid have been recorded : 


Marignac (Aun. Chim. Phys., 1853, 38, 184) 10-6" « 
Pickering (Proc. Rey. Soc., : ; ‘ * 10-35 
Pictet (Compt. rend., 1804, 119. —* ee 10-5 

Koietech (er., 1001, 84, 4100) ............ cae * a. 100 

Biredig (2. Elehirochem., 1906, 12, 460) .... 10-43 
Hantzach (27. physital. Chem., 1907, @1, 257) 10-46 
Oddo and Scandola (Gasretia, 1008, 38, i, 603 10-43 
Lichty (/. Amer. Chem. Soc., 1908, 70, 1934) : — 10-43 
HrOnated (loc. ett.) —— ——— one 1-49 
Kobles and Moles (loc. cst.) : —— — — 10-52 
Rubin (cf Yost and Russell, op. cit.) .. 10-31 
This investigation —— — —— 10-36 


We made many attempts to raise our value of the maximal freezing point. Our usual 
method of preparing sulphuric acid for cryoscopic experiments consisted of distilling a small 
excess of sulphur trioxide from oleum into 98% ‘‘ AnalaR "’ sulphuric acid, at room temperature 
and at low pressure, in all-glass apparatus, and then adjusting the freezing point of the resulting 
acid by successive small] additions of distilled water. The analytically determinable impurities 
in the “ AnalaR “ acid can have had no detectable effect upon the observed freezing points. 
We tried to improve the treatment of this acid in several ways. One way was separately to 
condense the sulphur trioxide obtained from the oleum, and to redistil it, before passing it into 
the 98% acid. In case any small amount of sulphur dioxide present in the oleum had passed 
through into the sulphuric acid, this was heated at 200° at a low pressure until practically all 
the excess of sulphur trioxide had been removed. In another attempt to eliminate any 
disturbance due to sulphur dioxide, potassium perdisulphate was added to the oleum from 
which the sulphur trioxide was distilled. None of these modifications of procedure made any 
difference to the observed maximal freezing points. Therefore, finally, the sulphuric acid was 
subject to repeated fractional freezing, the bulk of retained material being thus reduced to less 
than one-tenth of the original bulk. Even this treatment failed to yield an acid with a higher 
maximal freezing point, and therefore we cannot help concluding that the freezing point of 
sulphuric acid is 10°36" 

It is difficult to account adequately for the differences between this result and those given 
in the literature. No doubt the temperatures recorded by the early workers were on the 
mercury-thermometer scale, and therefore require correction to bring them to the international 
temperature scale. At 10° c. the correction amounts to —005°, and thus accounts for a 
part of the discrepancy. The remainder must be assumed to be due to general thermometric 
errors. These remarks do not, one imagines, apply to the recent determination by Rubin ; 
here our assumption is that thermometry was accurate, but that his acid contained an excess 
of either sulphur trioxide or water 


We thank the Department of Scientific and Industria) Research for a maintenance grant made to 
one of us, and Imperial Chemical Industries Limited, for contributing to the expense of the research. 


Writiam Ramsay anp Raton Forster Laporatorigs, 
University Cottece, Lonpow, W.C.1 (Received, December 17th, 1949.) 
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498. Cryoscopic Measurements in Sulphuric Acid. Part II. The 
Solutes Water and Sulphur Trioxide. The Basic Strength of Water, 
and the Acid Strength of Disulphuric Acid.* 

By R. J. Gru.espie. 


ose eee ur trioxide has been studied at compositions in 
the neighbourhood of that of sulphuric acid. apt eprnneny cspe Ay meno her ae 
those of earlier investigators. From data applying to the water side of the freezing- 
maximum at sulphuric acid, it is deduced that the ionisation of water as a base in 
sulpharic acid is appreciably incomplete ; a basicity constant for water is derived. From the 
results ying to the sulphur trioxide side of the freezing- t maximum, it is concluded 
that huric acid * is moderately ionised ; a value for its constant is computed, which, 
however, is provisional, and is to be improved in Part IV, where account will be taken of 
effects, here neglected, due to the higher acids. From the degree of rounding of 
the freezing-point maximum, a value is i for the total concentration in which solutes 
are formed by the self-dissociation of sulphuric acid. 

(1) Methods and Results. 


(1.1) Objects and Background.—Ot fundamental importance for the understanding of the 
properties of solvent sulphuric acid is a knowledge of the behaviour of the solutes water and 
sulphur trioxide. The reason is partly that the study of these solutes is the first step in an 
investigation designed to elucidate the self-ionisation of the solvent; and it is partly that so 
many of the solutes, with whose condition in solvent sulphuric acid we shall be concerned in the 
following papers, furnish water, amongst other substances, or at least the products into which, 
in these conditions, water is converted. 

The effect of the solutes water and sulphur trioxide on the freezing point of sulphuric acid 
has been investigated by Pickering (J., 1890, 57, 365), by Knietsch (Ber., 1901, 34, 4089), by 
Giran (Compt. rend., 1913, 157, 221), and by Hulsmann and Biltz (Z. anorg. Chem., 1934, 218, 
373), but only at compositions so widely spaced that it is not possible to derive from the results 
any precise conclusions concerning the conditions of the solutes in dilute solution. More 
intensive investigations of the freezing points of dilute solutions of these solutes in sulphuric 
acid are recorded by Hantzsch (Z. physihal. Chem., 1908, 62, 243), by Oddo and Scandola 
(Gazzetta, 1908, 38, 603), by Robles and Moles (Anal. Fis. Quim., 1936, 34, 331), and by Hammett 
and Deyrup (J. Amer. Chem. Soc., 1933, 55, 1900) 

(1.2) Method.—A detailed reinvestigation of the freezing point of the water-sulphur 
trioxide system for compositions in the neighbourhood of that of pure sulphuric acid, é.¢., of the 
cryoscopic behaviour of the solutes water and sulphur trioxide in dilute solution, has now been 
undertaken. The results and conclusions differ somewhat from those obtained by earlier 
workers 

The method was to follow the change in freezing point produced by adding successive, small, 
weighed amounts of water to a known weight of sulphuric acid containing initially a small 
excess of sulphur trioxide. The freezing points were measured as is described in Part I 
(preceding paper). The precise amount of moa trioxide in the initial acid was not known 
at the commencement of an experiment, but after the freezing-point measurements had been 
made, all compositions could be calculated from the weights, with the aid of the assumption 
that the composition at the freezing-point maximum is that of pure sulphuric acid. 

(1.3) Results-—The data obtained in several such experiments are given in Table I. 
Compositions are expressed in molalities for theoretical convenience. On the water side of the 
freezing-point maximum they are in molalities of water, but on the sulphur trioxide side they 
are given, not in molalities of sulphur trioxide, but in molalities of disulphuric acid,* the 
assumption having been made that the solute sulphur trioxide is converted substantially entirely 
in dilute solution into disulphuric acid. Of course, the distinction of composition is only that 
a small proportion of the total sulphuric acid counts as belonging to the solvent in one case, but 
not in the other; and thus the differences are numerically small, though not inappreciable. 

* The acid H,S,0,, usually called phuric acid, is here termed disulphuric acid, because this 
name belongs to a ee 4 nomenclature which can conveniently be extended to the acids H,S,0,, 

On — the presence of which in oleum is cryoscopically 
; and a salt of the acid H,S,O 
"and Ingold). The nomencia 
of other elements of Group VI of the Periodic Table, ¢.g., 
polytungstic acids 
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Taste I 
Freeing pownts of solutions of water and disulphuric acid in sulphuric acid 
Weights (g.) | w ts (g.) 
—“ Molality P — ad — Molality 
of F. p. Added ot 
Soin. Solute (* ¢.) | H,O Seln. Solute. H,SO,. solute 
26 Expt. No. 76 








H,S,0,. H,5,0, 
1 


126.07 — 125-46 4 12631 ©0553 
126 20 06-0044 12555 02007 125-56 00107 
00204 12555 00000 00000 


H,O H,O. 
00334 125-61 00334 00148 10-282 
125-44 00673 ©0208 10-181 
126-71 ©1343 0-0504 9-875 
‘ 125-79 00-1935 ies 00-0856 9-579 
0-0315 0-0200 126-86 62587 | O-1145 9266 
H,O 125-02 06-3231 * 0-1429 &-943 
00635 12 0-08120 . 125-08 0-388] * 91717 5656 
O-OS1LT 126-78 80160 * 
— 
Expt. N , H,O H,O 
H,5,0, J — 1020 O-1180 0-0532 
11662 01068 60367 120-33 01517 06-0702 
00482 j 116-15 OOn12 9 S65 00692 12040 02200 < 06-1021 
O04 7 357 116-58 00508 10015 | 6 0644 120-46 06-2853 01319 
4469 — 10-160 | 60682 120-53 06-3535 — 01634 
447 117-62 60168 10289 | 6.0883 6 “ 60-1950 
H,O : 
0-0429 00074 11807 00035 10-340 | Eapt. No. 80; r 
0-0436 2 00436 P o0240 10-224 H,5,0, H,S,0, 
0.0445 — — 00480 10-032 - 125-04 0447 125-49 00200 10-276 
0.0426 21 01307 * 60651 9821 60-0314 125-97 0-137 125-83 00061 10-337 
00450 25 01857 00863 9-585 060-0050 125-05 0-087 125-89 00039 10-342 
O04 q ©-2307 - ©1075 9353 H,O H,O 
00439 02746 » ©1253 9127 | 6.0325 126-01 00237 125-09 00105 10-322 
0-0452 03198 01496 «8878 | 6.0327 126-04 0.0564 * 0-0249 10-219 
0-0460 0-3667 O1712 8644 | 6.0684 126-11 O18 | 00550 9014 
ooeit 0-076 01909 #421 | 0-0063 126-17 01911 |, 00842 9-502 
Ew X . . 
HyS,0, 552 — H,O H,O 
126-09 2-171 06-0908 9727 | s . * 
1329 127-12 0-857 00401 10-144 | * 27-05 O-O114 127-04 0-0050 10-343 
O40) 127-16 0-412 5 00203 10-272 ° oie —* —3 ° oon ” aan *8 
- + * 0-069 ae'ht v — 0-050) 7 
O4M17 127-20 Oo 00020 10-350 0-0686 27-22 00-1839 ~ 0-0804 9-645 
H,O H,O | 60900 12731 06-2739 ps 60-1198 9202 
00423 72 0-0378 : 0165 10204 | 60739 127-38 03478 us 0-1521 S40 
00430 O-O815 * 00355 10-129 00680 127-45 00-4158 * O1819 8513 
Oo48s2 0-1265 * 06-0553 9928 | 6.0700 127-52 06-4858 x 06-2125 8180 
06-0406 12737 06-1671 0-0730 «69737 | 0.0698 127-59 0-5556 — 0-2430 7-832 
00400 o-2071 : 0-005 9-537 | 
00433 O 2504 - 0-1004 9330 | Expt. No. 102 
0433 7-48 «06-9037 ; O1284 «6117 
00409 127-53 03446 » ©1462 8-914 | 128-04 6975 122-01 O-3211 8-180 
0.0426 101 O-3872 0 1648 O-1167 120-00 6-827 123-28 06-2654 8-563 
Expt. No 7 | ©2564 12932 3-720 126-06 06-1473 9-389 
H,S,0, | @1326 12045 2002 12749 00882 9-809 
O87 | 25-57 01680 | O1312 129-58 O-7117 128-91 00310 10-210 
Oo 1888 120-46 5 127-63 ©0806 0-0677 129-65 00462 129-60 0-0020 10-346 
00-0649 120-62 ! 12833 00621 H,O H,O 
©0323 129-56 nw 128-60 00386 0-0357 12969 00310 12965 00133 10-329 
0-03830 129-59 05 129-05 06.0238 
00345 12962 0202 12042 60089 10-330 | Expt. No. 103 
H,0 | H,5,0; H,S,0, 
— * | — 190-61 7:140 122237 03253 8-181 
° —8 +H po apd oo 10-35) | 6.4678 130-08 2-514 128-47 01100 9-668 
rarer 129 “y eo 0-0640 | 1924 131-17 O6118 130-56 00263 10-239 
06-0645 129-85 14% - 0-0918 06-0307 131-20 03084 130-89 OO132 10-307 
©0453 129-90 2602 : O12 H,0. H,O 


©0670 120-97 272 - 0- 1398 09-0358 131-23 00046 131-23 00020 10-344 





H,5,0, H,5,0, 
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Taste Il 
Freezing points of the water—sulphur trioxide system (Hammett and Deyrup) 
Weights (g.). 








Added 
H,O. 
Real: 


— 8 79 
037 77 3134 
732 52.39 
oose5 | 53-02 00877 


H,O 

O-ORT4 0-006) 
06-0229 7 0-02906 
O-o310 . 00615 
0-0252 ss 0-0874 
o-O152 : * 0- 1030 
0-0188 . sb 0-1224 | 
0-0320 f — 0-1553 | OO161 

0-0158 . * 

00177 wi 00390 

60-0941 . ws 0 1288 





(1.4) Results of Hammett and Deyrup.—It will be necessary to compare 
Deyrup’s results (Joc. cit.) for the freezing point of the water-sulphur trioxide system with 
those now recorded. For this purpose a recalculated version of Hammett and Deyrup's freezing- 
point data is presented in Table II. Here, as in Table I, compositions are expressed as molalities 
of water, or of disulphuric acid. Hammett and Deyrup did not record Celsius temperatures, 
but only readings on a Beckmann thermometer; and therefore, in order to facilitate comparison 
with the present results, it has been assumed that the temperature at the maximum of their 
freezing-point curves was 10°35" c. in every case; and all their temperature readings have been 
brought to this scale. 

Over the range of composition with which this investigation deals, the freezing-point curve 
for the water-sulphur trioxide system consists of two nearly linear portions with a rounded 
maximum in between. This is shown in Fig. 1. The following discussion will largely be 
concerned with what can be learned from the slopes and exact shapes of the nearly linear portions, 
and from the amount of rounding of the maximum 


(2) Discussion. Partl. The Solute Water 


(2.1) The Water Branch of the Freezing-point Curve.--At concentrations greater than about 
0-05 molal, i.¢., for compositions not too near those of the rounded maximum of the freezing- 
point curve, water behaves qualitatively like many of the solutes considered in Part I—like 
acetone, for instance—giving depressions of freezing point which increase nearly linearly with 
the solute concentration. It is therefore convenient to regard each total content of solute 
water as divided into two portions. One portion, of molality m, (about 0-05), is considered to 
be present for the purpose of suppressing the self-ionisation of the sulphuric acid. Its effect is 
to bring the freezing point from the maximum down on to the upper end of the nearly linear 
water-branch of the freezing-point curve, and thus to render the modified solvent suitable for 
study of the cryoscopic behaviour of the remainder of the water. This remainder, of molality 
Am,, now produces an additional! freezing-point depression, 46, down the nearly linear branch 
of the curve. From values of Am, and A@ thus defined and selected, one should be able to 
calculate an approximate v-factor for water, using the theoretical formula, and the cryoscopic 
constant for sulphuric acid, as given in Part I. 

We shall proceed on these lines, but before doing so it is necessary to note that a significant 
difference exists between the values now reported and those of Hammett and Deyrup: their 
results would make the water branch of the freezing-point curve slope more steeply than do the 
present measurements (cf. Fig. 1). The discrepancy is difficult to explain satisfactorily. The 
direction and relative magnitude of the deviations, and the slight scatter of Hammett and 
Deyrup's experimental points, suggest the intrusion in their experiments of a little adventitious 
water with each weighed water sample. Of course, such an explanation leaves a sense of doubt, 
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and therefore the present determinations of the water branch of the freezing-point curve were 
independently 


(2.2) The Incomplete Ionisation of Water —The general nature of the conclusion to which 
these results lead can be seen without calculation. If we measure the average slope of the nearly 
linear water branch of the freezing-point curve, as determined in this investigation, we find 
that it is 11-21 deg. g.-mol.-* kg. This figure has to be compared with the cryoscopic constant 
of sulphuric acid, 5°98 deg. g.-mol.~* kg. (cf. Part I). The error which, in this simple form of 
comparison, arises from the lack of exact linearity of the water-branch is less than 1%. It will 
be evident that, if we should assume that water is completely ionised in solvent sulphuric acid 


according to the equation 
* H,O + H,SO, = H,0* + HSO,~ 


then the v-factor for water would be exactly 2, and the average slope of the water-branch would 
be 2 x 5°98 — 11°06 deg. g.-mol.-' kg., to within 1%. The observed slope falls short of this by 
6%. The difference cannot be due to electrostatic activity effects, for it was shown in Part I by a 
comparison of non-electrolytic and electrolytic solutions (cf. /., 1950, 2485 ef seq.) that electro- 
static effects are quite inappreciable in sulphuric acid solutions over the range of concentrations 
with which we are here concerned. The effect of solvation may not be inappreciable, but its 
direction is such as to widen the discrepancy. Thus it would seem necessary to conclude that 
water is not completely ionised in sulphuric acid 

Both Hantzsch, and Hammett and Deyrup, concluded from their cryoscopic measurements 
that water is almost completely ionised in sulphuric acid and they made no further comment on 
the matter. Hantzsch’'s data were, of course, not sufficiently precise to justify a consideration 
of somewhat smal! deviations. Hammett and Deyrup obtained a larger experimental slope 
for the water-branch of the freezing-point curve than that now found. Their slope amounted 
to 11°85 deg. g.-mol~' kg., and, in conjunction with our cryoscopic constant, 5°08 deg. 
g.-mol.-' kg., this would mean nearly complete ionisation. But Hammett and Deyrup were 
using the substantially higher value, 6°15 deg. g.-mol.~ kg., for the cryoscopic constant, and the 
deviation of their measured slope from twice this value might well have suggested incomplete 
ionisation. However, the conclusion that water is practically completely ionised as a base in 
sulphuric acid was accepted by them, and seems to have been accepted quite generally. 


Tasre III. 
v-Factors for solute water in solvent sulphuric acid 
Molality of water. -p- Expt. Molality of water 
Am,. 


m, Am, . Factor no. m,. 
0-0651 — 
os 00212 
00424 
0-0632 
0-0845 
0-1061 
0- 1258 


00-0504 

* 00202 
0-0551 
0-0836 
91124 


21222 
2333 


0-0702 — 

00319 
06-0617 
06-0932 
06-1248 


0-0175 
0-0304 
0-064 
0-0732 
©-0918 


eee! 


— — — — — — 
sz 


0-0394 
00717 
06-1015 
0-1321 
© 1626 


&ee222) = 222) 


* 


(2.3) Approximate v-Factors for Water.—The average number of kinetically separate, 
dissolved particles (molecules or ions) which are formed in consequence of the addition of one 
molecule of water to the solution—the v-factor for water—may be calculated, by the methods 
set forth in Part I, from observations along the nearly linear water-branch of the freezing-point 
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curve, Asa first approximation, we may employ equation (4) of Part I, substituting s, = s, =< 1 
and v, « v, = 2, and thus reducing the equation to the simple form written below, in which the 
determined value of the cryoscopic constant has been inserted ; 
a⸗ Aꝝ,. — 508r,(1 — 0-00356) () 

The mean depression 6 has, of course, to be reckoned with reference to the freezing point of pure 
sulphuric acid. Some values of v for water, calculated in this way, are given in Table III. 
They lead to the mean value v « 1°89 

The above method of calculating »- factors is probably not the best available for two reasons 
In Part I evidence was adduced for the view that potassium and ammonium hydrogen sulphates 
are solvated in sulphuric acid. In Part ILI (/., 1950, paper no. 499) it will be shown that nitronium 
and nitrosonium hydrogen sulphates behave similarly to the potassium and ammonium salts in this 
respect. It seems probable that most ionic compounds, not excluding hydroxonium hydrogen 
sulphate, are solvated in sulphuric acid. In Section 2.6 of this paper a qualitative argument is 
given which suggests that the non-ionised water molecule is solvated in sulphuric acid 
Confirming these assumptions, it is shown in Section 2.5 that, in the calculation of the basicity 
constant for water, an improvement in consistency results, if the assumption is made that both 
water and the ion-pair which it forms are solvated with a solvation number of about unity 
The reaction of water with the sulphuric acid solvent may therefore be represented by some such 
equation as the following : 


H,O + 2H,SO, « H,O(H,S0,) + H,SO, = H,0(H,S0,* + HS0,- 


Accordingly, the v-factors should be calculated by specialising equation (4) of Part I by the 
substitutions s, — 5, « 2 and v, «= v, = 2 

The conclusion that water is incompletely ionised in sulphuric acid evidently entails the 
consequence that the v-factor should in principle not be constant and equal to 188: it should 
rise towards 2-00 with increasing dilution. The reason why this is not apparent in Table Il 
that the calculations are not sufficiently accurate, and the range of water concentrations is too 
limited. Nevertheless theory shows that, apart from causes of curvature of which our equa- 
tions take account, the nearly linear water branch of the freezing-point curve should be 
additionally curved, steepening from the observed slope of 11°21 deg. g.-mol.~' kg. to the 
theoretical limiting slope of 11°06 deg. g.-mol™' kg. as the freezing point of pure sulphuric acid is 
approached. We cannot observe this because another disturbance intervenes: the slope falls 
to zero, owing to the self-ionisation of sulphuric acid. It will be necessary to give further 
consideration to this disturbance also before attempting to treat the incomplete ionisation of 
water more quantitatively 

(2.4) The (Theoretical) Freezing Point of Non-dissociated Sulphuric Acid.-It is general) 
accepted that the rounding of the freezing-point maximum is due to the self-ionisation of 
sulphuric acid This might be a simple proton transfer 


2H,SO, = H,SO,* + HSO, 


However, in Part IV (/., 1950, paper no, 500) reasons will be given for believing that it is more 
complex, involving also a sulphur trioxide transfer, thus, 


2H,SO, = H,S,0, + H,O 


together with the ionisation of the formed disulphuric acid and water, approximately 
accordance with the following equations 


H,S,0, + H,SO, H,50,* + HS,O, 
H,O + H,SO, «~ H,O* + HSO,- 


The hydrogen sulphate jon is a product of both forms of self-ionisation, and the hydroxonium 
ion is a product of the second form; wherefore the addition of water, which produces both 
these ions, will repress both forms of self-ionisation, and the resulting disappearance of ions 
will diminish the initial effect of added water in depressing the freezing point. Again, the 
sulphuric ackiium ion arises in both forms of self-ionisation, and the hydrogen disulphate ion 
arises in the second form: and, since these are the ions of disulphuric acid, added sulphur 
trioxide will act qualitatively bke added water; and thus we should find rounding on both sides 
of the freezing-point maximum, as, indeed, we do 

In order to be able to compute the degree of ionisation of water as a function of its 
concentration, we require to know what the freezing point of sulphuric acid would be in the 
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absence of any self-ionisation. This temperature cannot be estimated by merely producing 
backwards the nearly linear branches of the freezing-point curve, so that they meet in a point 
above the rounded maximum; for, as we have seen in the case of the water branch—and a 
quite similar argument applies to the sulphur trioxide branch—these nearly linear branches 
are not linear; in particular, they would steepen materially, if it were not for the disturbances 
of self-ionisation, at compositions close to that of sulphuric acid. Therefore it is necessary to 
find, by trial calculations, that value of the theoretical freezing point which gives the most 
consistent results on applying it to the computation of the degree of ionisation of water. The 
value finally chosen, 10°62°, is probably not in error by more than 0-02°.* 
(2.5) The Basic Strength of Water in Sulphuric Acid.—By calculating freezing-point 
as differences between the theoretical freezing point of non-dissociated sulphuric 
acid and the observed freezing points of solutions of water in sulphuric acid, over the solute 
concentration range 0°05—0°25 molal, it is possible to compute the equilibrium constant 


K,(H,0) = (H,O*(HSO,~) /(H,0) 


Two steps are involved. Writing A®’ for the freezing-pcint depression calculated from the 
theoretical freezing point, and Am ⸗ m, + Asm, for the total molality of solute water, a v-factor 
is first computed from the equation 


AO’ /am = 5-08» (1 + 00085 %) 2) 
(cf. equation 1, p. 2498). Here 6 is to be obtained by subtracting, from the real freezing point 
of sulphuric acid, 10°36°, the mean between the freezing point of the solution and the theoretical 
freezing point of non-dissociated sulphuric acid, 10°62°. Having thus found v, the basic 
ionisation constant is computed from the mass-law equation 


Ky(H,O) = (vy — 1)*m/(2—) . , (3) 


This procedure neglects two disturbances. The first arises from incompleteness in the 
suppression, by the added water, of the self-dissociation of the solvent. This can be computed 
from the values, given in Part IV, of the equilibrium constants of the two main dissociation 
processes of sulphuric acid, viz., 

2H,SO, == H,SO,* + HSO,- 

Ke = (H,S0,*)(HSO,-) = 1-7 x 10° g.-mol.* kg. 
2H,SO, => H,O+ + HS,0,- 

Ky = (H,O*)[HS,0,~) = 07 « 10 g-mol.* kg. 


In calculating the residual self-dissociation, we take the added water as completely converted 
into H,O* and HSO,. Having from the above constants computed [H,SO,*) and [HS,O,~), 
we employ the formula 86 — 11°96([H,SO,*) + [HS,O,”)}), which gives, with sufficient 
approximation, the freezing-pomt depression 36 due to the surviving self-dissociation. This 
must be subtracted from Af’ to give A” = Ad’ — 36. 

There remains the disturbance caused by solvation. In order to take it into account, it is 
necessary to calculate v-factors, neither with equation (2), nor with this equation with AG” 
written for A@’, but by means of an equation for 46’ /Am, which is derived from equation (4) of 
Part I by writing s, = 5, = » + land v, = v, = 2 in the nearly unit correction factor. Here n 
is the solvation number of hydroxonium hydrogen sulphate. The equation is 


AO’ /Am = 5-08r (1 — 0-0035) + 20m /10-20) . ' . 


and the v-factors derived from it have to be inserted into equation (3) for the purpose of 
computing K,(H,O) 

The method employed for the evaluation of the solvation number n is so to choose it that 
the most nearly constant values of K, result. Unfortunately, there is a large percentage error 
in the determination of K,, because, as equation (3) shows, the value derived 
fundamentally on the small quantity 2 — v, that is, on the experimental determination of the 
small difference between the actual slope of the water branch of the freezing-point curve and 
the slope it would have if the ionisation of water were as complete as has hitherto been thought. 
For this reason the solvation number cannot be determined at all exactly. However, the 


ee 10-62°, in the absence of all forms of dissociation, is to be dis inguished from 
—— 82°, in the absence only of the autoprotolysis (cf. Part I, /., 1956. 2488). 
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calculations have been made with various trial values, n = 0, 1, 2, etc., and » = 1, which gives 
moderately consistent K, values, has been selected as the best round figure. 

The upper part of Table IV contains two of the sets of K, values which have been computed 
for experiment No. 90. One set (headed a = ©) is derived by neglecting solvation. The other 
(headed « = 1) is computed with the inclusion of a correction for solvation, the solvation 
number being taken as unity. The lower part of Table IV contains a summary of the mean 
K, values calculated from all the experiments, with the same allowance for solvation. From 
the overall mean, Ky « 12 g.-mol. kg.-', it can be computed that, at 01 molal concentration, 
about 7% of water remains non-ionised in solvent sulphuric acid. 


Taste IV. 
Basic sonisation constant of water im sulphuric acid (Expt. 9) 


Molality, »- Factors K,(H,O 
HO (me P y i) 0 * 
Ce — 997) 
0 ONO 9645 
© 1108 9 202 
© 1621 sae 
©1819 8613 
@ 2125 S170 246 
045 7-872 2755 


RSE2233 


Summary of bancity constants (calc. with « « 1) 
Expt No. . 66 67 7 9 ‘we Mean 
KH) 14 14 13 14 14 1-2 g mol. kg.“. 


The value of A, is somewhat uncertain, because it is very sensitive to the error of experiment 
and of the applied corrections. If we neglect solvation, the mean value of K, becomes 
18 g-mol, kg-*. If we retain the correction for solvation, but neglect the residual solvent 
dissociation, then the derived value is 072 g.-mol. kg.'. For the purpose of reproducing 
experimental results by calculation, it matters little which value is taken provided the computing 
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Theoretical freezing-point curves for solute water im solvent sulphuric acid 
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procedure corresponds to the value assumed. In Fig 2 a theoretical freezing-point curve for 
water is shown, which is computed from the last-mentioned value; and it is compared with the 
experimental points. The upper part of the diagram shows the effect on the freezing point of 
the repression by the added water of the self-ionisation of sulphuric acid. The lower curve is 
calculated from equation (3) by taking v as constant and equal to 2. 
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(2.6) Remarks on the Basicity of Water in Sulphuric Acid.—-The conclusion that water is 
tonised in sulphunc acad whilst, as was shown in Part I, acetic acid and acetone 


be rendered by this much less stable relatively to their ionised forms. 


(3) Discussion. Part II. The Solute Sulphur Trioxide. 


(3.1) The Sulphur Trioxide Branch of the Freezing-point Curve.-The general form of this 
branch of the freezing-point curve will be clear from Fig. 1 : at compositions sufficiently removed 
from the rounded maximum, the sulphur trioxide branch becomes nearly linear, but much less 
sloping than the water branch. The mean slope, according to the present determinations, 
for a range of concentrations of disulphuric acid from 03 molal to 005 molal, is 
7°40 deg. g.-mol.' kg. Obviously disulphuric acid is yielding many fewer ions than water 
produces. 

Hantzsch concluded from his cryoscopic measurements that disulphuric acid was almost 
completely non-ionised in sulphuric acid. He found, however, that these dilute oleum solutions 
have quite a high electrical conductivity. He therefore assumed that disulphuric acid is a 
very weak acid, but that the hydrogen ion in sulphuric acid possesses an unusually high 
mobility. 

Hammett and Deyrup record the value 7°55 deg. g.-mol.~' kg. for the slope of the nearly linear 
part of the sulphur trioxide branch of the freezing-point curve. Their conclusion was either 
that disulphuric acid was a weak electrolyte, or that it undergoes a complex ionisation involving 
the polymerisation of sulphur trioxide. 

The simplest explanation of the fact that sulphur trioxide gives a curve of freezing-point 
depressions having a slope intermediate between those appropriate to a non-electrolyte and a 
binary electrolyte is that, in dilute solution in sulphuric acid, solute sulphur trioxide is converted 
almost completely into disulphuric acid, which is ionised as a weak acid according to the 
equation : 

H,5,0, + H,SO, ~ H,S0,* + HS,0,~ 


Actually this assumption is toosimple. For it will be shown in Part IV (/., 1950, paper no. 500) 
that solutions of sulphur trioxide in sulphuric acid contain, besides disulphuric acid, appreciable 
amounts of higher polysulphuric acids. However, for the present we shall, for simplicity, 
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molecules pius any free sulphur trioxide. The concentration of free sulphur trioxide is expected 
to bear a small constant proportion to the concentration of non-ionised molecules of disulphuric 
acid. It is difficult to say whether or not this small proportion is completely negligible, but if 
it is not, then these small concentrations of sulphur trioxide must be held to be included in the 
stated concentrations of non-ionised disulphuric acid 

(3.2) The Acid Strength of Disulphuric Acid im Solvent Sulphuric Acid.—It has been 
mentioned that the average slope of the nearly linear part of the sulphur trioxide branch of the 
freezing-point curve is 7°40 deg. g-mol.* kg. Bat, as already illustrated in the example of the 
solute water, this figure has no simple and exact molecular significance; for not only is the 
nearly linear curve in fact non-linear, but also it is theoretically expected to be non-linear for 
various reasons, of which the most important relates to the different proportions in which 
disulphuric acid should be ionised at different dilutions, according to Ostwald's law. This 
effect should cause the curve to steepen, from slopes in the neighbourhood of 7°40 deg. g.-mol.-' kg 
to a limiting slope of 11°96 deg. g-mol.-* kg., as the composition of pure sulphuric acid is 
approached. One does not observe this, because the self-ionisation of the solvent causes the 
gradient actually to fall away at compositions near that of sulphuric acid. Indeed, over a 
considerable band of concentrations, the two effects, one tending to steepen the curve and the 
other tending to slacken its gradient, nearly cancel each other, producing a deceptive near- 
linearity and a slope which is meaningless from a molecular point of view 

The procedure for calculating v, and hence the equilibrium constant 


K,(H,S,0,) = [H,SO,*)(HS,0,~-)/(H,5,0,) 
is similar to that illustrated for the solute water. Using the theoretical freezing point of the 


non-dissociated solvent, we compute v, as a function of concentration, by means of an appropriate 
form of the general equation, employing for the purpose observations of freezing point in the 


Fie. 3 
Theoretical freermmg-powst curves for the solute disulphurtc acid im solvent sulphuric acid 


— — — 
Molality "S70, 


region of concentration 0-08—0'35 molal disulphuric acid. The equation used is derived from 
equation (4) of Part | by inserting the approximate figure v, = 1°3 into the nearly unit correction 
factor, and by substituting also s, = v, 1 «= 0°3, as is required for the reaction 


H,S,0, + H,SO, « H,SO,* + HS,0,- 
(since m, « 0, values for s, and v, are not required). The resulting equation is 


AP ‘Am o« 608» (1 — 0-00350 — 0-7 10-20 5) 


where Am is the total molarity of disulphuric acid, 46’ is the depression of freezing point, reckoned 
with reference to the theoretical freezing point, m is the mean molality over the finite interval, 
and @ is the mean depression computed as stated on p. 2499. The v-factors thus obtained are 
now improved as follows. From them, the approximate concentrations [H,SO,*) and [HS,O,7} 
are derived. From these, and the already mentioned ionic products K,, and Ky, we compute 
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the small concentrations of surviving HSO,” and H O.* ane Smee Oe ones Goran. 
36 = 11°96((HSO,~) + [H,O*)), caused by residual self-dissociation. These 1 depressions 
are now applied as corrections, A” — A’ — 36, and equation (5) is used again, but with 
A6” replacing 46’. The final step is to compute the equilibrium constant X,(H,S,O,) by means 
of the mass-law equation 

K,(H,S,0,) = (» — 1) /(2 — » (6) 


Some values of X,, thus deduced from two experiments, are given in Table V. 


Taste V. 
Acid tomisation constant of disulphuric acid in sulphuric acid 


Molality of Depression 
a. ae”. vine K,{H,S,9,) 


0-872" 0-802° 
1-158 
14il 
1-627 
2-052 
2-519 


Seeeee 


0-743 
1-177 
2019 
2-406 


SSEs 


From these figures, and similar computations based on other experiments, one may deduce a 
mean value of the acid dissociation constant of disulphuric acid in sulphuric acid, viz., 
K,(H,S,O,) = 0°028 g.-mol. kg.-*. Disulphuric acid in sulphuric acid is thus a somewhat weak 
acid (like oxalic acid in water). 

Using the above value, a theoretical freezing-point curve for the solute sulphur trioxide has 
been constructed, just as was done for the solute water, This curve (labelled K,’ = 0028) is 
compared with the experimental data in Fig. 3. The other curves in Fig. 3 (labelled K, = 0 and 
K, = «) are the theoretical curves for disulphuric acid, considered as a non-electrolyte and as 
a strong electrolyte, i.¢., they are the curves for which v has the values | and 2, respectively. 

The value 0-028 g.-mol. kg.~* here derived for the acid dissociation constant of disulphuric 
acid in sulphuric acid will be termed the apparent dissociation constant of disulphuric acid, 
and it will be designated K,’(H,S,O,), as is done in Fig. 3. This is because the value has been 
computed without making an allowance (for which we have as yet no method) for the formation 
and ionisation of the higher polysulphuric acids. It will be shown in Part IV that the effect of 
the formation of these higher poly-acids is not negligible, and that, on this account, the apparent 
acidity constant of disulphuric acid is substantially larger than the true value 


(4) Discussion. Part III. Self-dissociation of Sulphuric Acid. 


An important datum for the study of the dissociation of sulphuric acid follows from the 
results reported here. This datum is the total concentration of all the solute species which arise 
by the self-dissociation of pure sulphuric acid. Its value may be obtained from the difference 
between the calculated freezing-point of undissociated sulphuric acid and the maximum observed 
freezing-point of real sulphuric acid. The difference is 10°62° — 10°36° — 0°26°, and it 
corresponds to the total solute concentration 0°043 molal. Assuming the dissociation products 
to be entirely ionic, the total concentration of uni-univalent electrolytes is thus 00215 molal. 
The problem of the determination of the individual products of the self-dissociation is 
considered further in Part IV. 


Witttam Ramsay anp Ratrn Forster Laporatonrizs, 
University Cortecs, Lonpox, W.C.1 (Received, December 7th, 1949.) 
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499. Cryoscopic Measurements in Sulphuric Acid. Part III. The 
Solutes Nitric Acid, Dinitrogen Pentoxide, Dinitrogen Tetroxide, and 
Dinitrogen Trioxide. Cryoscopice Proof of the Formation of the Nitron- 
ium Ion, NO,*. 


By R. J. Gutesrm, J. Gramam, E. D. Huones, C. K. Incoip, and E. R. A. Peete. 


It is shown by study of the freezing poo that the solutes named in the title react with 
solvent sulphuric acid according to the following equations 

HNO, + 2H,SO, ~ NO,* + H,O* + 2HSO,” 

N,O, + 3H,50, « 2NO,* + H,O* + 3HSO,- 

N,O, + 3H,S50, ~ NO,* + NO" + H,O* + 3HSO,~ 

N,O, + 3H,50, =~ IN + H,Or + 3HSO,- 
These conversions are quantitative, except that, since water is only a semi-strong base (Part IT), 
the ions formed partly recombine 

H,O + H,SO, == H,O* + HSO,- 


Por this reason, the efactor of nitric acid is less than 4 ; the observed value is 3-77, expressed asa 
mean over the concentrations used. Similarly, the »-factors for the three oxides are less than 6 ; 
the observed mean values are 5-70, 5-69, and 5-69 for the pentoxide, tetroxide, and trioxide, 
respectively. The deviations from integral values, which are to be expected on account of 
the tacom plete jonisation of water, can be calculated from the basicity constant of water 
Part Il). The theoretical »-factors thus computed agree closely with the experimental! valves. 


As is mentioned in Part I, the investigations described in the present paper and in Part V were 
actually the first to be undertaken of those which are reported in this series. As soon as the 
kinetic study of aromatic nitration (cf. Hughes, Ingold, and Reed, ]., 1950, 2400) had disclosed 
a rate-<ietermining bond-fission of nitric acid, presumably to form the nitronium ion, it was 
realised that much of the early work, including all the cryoscopic work, on the condition of nitric 
acid in solvent sulphuric acid would have to be revised. Such revision in its several aspects was 
taken in hand; and the cryoscopic experiments quickly solved the problem to which they were 
directed, namely, that of ascertaining, simply and unambiguously, the products into which nitric 
acid is converted in sulphuric acid. Soon afterwards, the same kind of information was obtained 
im the same way for dinitrogen pentoxide, dinitrogen tetroxide, and dinitrogen trioxide. 

This work has already been reported in summary (Nature, 1946, 158, 480), but the details 
have not been published until now for the following reason. At the time of the preliminary 
report, the cryoscopic results could not be interpreted in a satisfactorily quantitative manner 
for lack of sufficiently exact information about the general solvent properties of sulphuric acid. 
Phe best theory and basic data which were available at that time left differences of several units 
per cent. between the calculated and observed freezing-point depressions, such differences, 
although of an order often regarded as negligible, being considerably larger than the experimental 
error. They could be, and were provisionally, set down to non-ideality; but they could not be 
proved to be due to that cause, much less accounted for quantitatively on those lines. It 
followed that a quantitative investigation of the general solvent properties of sulphuric acid 
would have to be undertaken before the cryoscopic results of special interest to us could be 
interpreted satisfactorily. That investigation, which has only recently been completed, is 
described in three of the accompanying papers (Parts I, II, and IV); it provides the required 
basis for the reduction of our cryoscopic data on nitric acid and the three nitrogen oxides 


(1) The Solute Nitric Acid. 


(1.1) Theories of the Condition of Nitric Acid in Sulphuric Acid.—It has been evident for 
many years that nitric acid in solution in sulphuric acid exists in an altered form, and that this 
consists of or contains cations. Saposchnikow’s measurements of the partial vapour pressure 
of nitric acid in water-sulphuric acid mixtures show that, whilst it is large in approximately 
equimolar solvent mixtures, it becomes relatively small as the solvent composition approaches 
that of pure sulphuric acid, just as it becomes small when the solvent is nearly pure water 
(Z. paysthal. Chem., 1904, 40, 697; 10905, 61, 607; 53,225). Hantzsch observed that nitric acid 
depressed the freezing point of solvent sulphuric acid from two to four times as much as would 
a solute which dissolved without any form of change (sdid., 1907, 61, 257; 1908, 65,41). These 
are clear indications that some change occurs. Both Saposchnikow and Hantzsch observed 
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that solutions of nitric acid in sulphuric acid have a high electrical conductivity (Jecc. cif), a 
result which proves that the change gives rise to ions. 

The evidence for an altered form of nitric acid in sulphuric acid has been strengthened by 
later observations on other physical properties of the solutions. Hantzsch observed that 
solutions of nitric acid in sulphuric acid show little optical absorption in the near ultra-violet, and, 
in particular, that they show much less absorption than they would if any substantial proportion 
of the nitric acid were present either as nitric acid molecules or as nitrate ions (Ber, 1925, 68, 
941). Chédin observed that solutions of nitric acid in a sufficient excess of sulphuric acid showed 
none of the normal Raman spectrum of molecular nitric acid, but instead gave, superposed on 
the sulphuric acid spectrum, a new and simple spectrum consisting of two strong lines (Compt 
rend., 1935, 200, 1397). 

The case for assuming that the altered form of nitric acid in sulphuric acid is cationic rests in 
part on Hantzsch’s proof that nitric acid can, in some conditions, exist in a cationic form. He 
prepared solid salts from nitric acid and perchloric acid (Ber, 1925, 58,941). His conclusions about 
their compositions and constitutions were quite erroneous (cf. /., 1950, paper no. 505); but he 
and Berger showed that, when these preparations were electrolysed in solution in nitromethane, 
nitric acid accumulated at the cathode. It was an obviously probable suggestion that similar 
salts would be present in solutions of nitric acid in sulphuric acid. Attempts to demonstrate 
that, in the electrolysis of such solutions, nitric acid is transported towards the cathode have met 
with difficulties; but such transport has recently been demonstrated for solutions of nitric acid 
in oleum by Bennett, Brand, and Williams (J., 1946, 875). 

Many of the above-mentioned observations are revised or extended in this paper and in 
accompanying papers. The revision allows much more definite conclusions to be drawn. Our 
special concern here is with the revision of the cryoscopic evidence, by which we unequivocally 
identify the altered form of nitric acid as the nitronium ion, NO,*. 

Throughout the earlier history of the matter, gifted speculation ran ahead of observation and 
deduction. The three earliest theories about the form assumed by nitric acid in sulphuric acid 
were al] correct or nearly so. Markownikow suggested that it was the mixed anhydride, 
NO,-O-SO,H (Ber., 1899, 32, 1441); Saposchnikow that it was nitric anhydride, NOyO-NO, 
(Z. physihal. Chem., 1904, 49, 677); and Euler that it was the nitronium ion, NO,* (Annalen, 
1903, 330, 280). Each of these ideas has had many adherents. In supporting the nitric 
anhydride hypothesis, Chédin emphasised that this substance must be present in some modified 
form. Ii it is assumed that both of the above anhydrides are ionised, then the three theories 
become equivalent. 

Hantzsch’'s views developed along different lines. In his experiments on the depression of 
the freezing point of sulphuric acid by nitric acid, he employed as solute either nitric acid or 
potassium nitrate, allowing in the latter case for the depression caused by the formed potassium 
hydrogen sulphate. In one set of experiments by the first method, and three sets by the second, 
he obtained depressions due to nitric acid, amounting to 2°2--2°5, 19—26, 33—4°0, and 34 
times the depression to be expected for a non-electrolyte. (The calculations were naturally 
based on his value for the cryoscopic constant of sulphuric acid; if our value is used, all the 
figures would be larger by about one-sixth.) His first (1008) conclusions were that ionising 
complex acids, such as (OH),NO(SO,H) and (OH)NO(SO,H),, are formed, and are extensively 
ionised 

Later (1925), the general views which Hantzsch had developed to the effect that weaker 
acids can act as bases towards stronger ones, as well as the special evidence he thought he had 
secured concerning the compositions of the salts obtained by the interaction of nitric and 
perchloric acid, led him to abandon the idea that nitric acid in sulphuric acid remains combined 
in any kind of anion, and to assume instead that it passes into cationic forms. In particular, be 
assumed univalent and bivalent cations to be furnished by the following reactions : 


HNO, + H,SO, = H,NO,* + HSO 
HNO, 4 2H'SO) = HINO.** + 2H90,- 


Completed reactions according to these equations would lead to freezing-point depressions 
respectively equal to twice and thrice the depression to be expected for a non-electrolyte. 
Hantzsch accepted his previous cryoscopic results as broadly inditative of a three-fold depression, 
and accordingly assumed that the second reaction is the one that takes place principally in 
excess of sulphuric acid. He did not attempt to account for his cryoscopic results in detail, or 
to explain why several experiments had given more than three-fold depressions 

Hantzsch's work on the effect of dissolved nitric acid on the freezing point of sulphuric acid 
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was repeated by Robles and Moles (Anal. Fis. Quim., 1934, 32, 474). They obtained freezing- 

point depressions 2.5—3°3 times that to be expected for a non-electrolyte. (This was on the 

basis of their value of the cryoscopic constant; ours would make the figures about 10% higher.) 

They regarded their results as confirming Hantzsch's assumption of a three-fold freezing-point 
. It is not necessary to discuss their interpretation. 

(1.2) Cryescopic Proof of the Conversion of Nitric Acid into the Nitronium lon.—The cryoscopic 
data now reported exclude the idea that either of Hantzsch’s cations of nitric acid is present to 
any appreciable extent in a solution of nitric acid in sulphuric acid. Our figures accord with the 
view that nitric acid is quantitatively converted into the nitronium ion; and they are not 
susceptible of any alternative explanation 

The approximate equation for the conversion of nitric acid into the nitronium ion in solvent 
sulphuric acid is 

HNO, + 2H,SO, « NO,* + H,O* + 2HSO,- 


It indicates a y-factor of 4 for nitric acid. However, the real v-factor must be less than 4 on 
account of the partial recombination of bydroxonium and bydrogen sulphate ions in the balanced 
reaction 

H,O + H,S0, = H,O* + HSO,- 


The equilibnum constant of this reaction, i1.¢, the basicity constant of water in solvent sulphuric 
acid, has been determined (Part II), and this allows us to calculate exact v-factors for nitric 
acid at given concentrations 

Even before we proceed to a careful calculation, the general nature of the result can be 
appreciated. In Part II it was shown that the figure 1°89 could be taken as an average value for 
the v-factor of water over the range of solute concentration which we usually employ in our 
cryosxopic measurements. Making allowance for the nitroniom hydrogen sulphate which is 
formed from nitric acid, simultaneously with water and its ions, we may set down the figure 3°88 
as a closer upper limit than 400 to the v-factor for nitric acid. The real v-factor will be less 
even than this, because the presence of the nitronium hydrogen sulphate will tend to repress 
the ionisation of the water. We should over-estimate this common-ion effect if we were to assume 
that the second hydrogen sulphate ion will double the association of the ions of water, and hence 
the figure 3°78 should represent a lower limit to the average v-factor. Thus, without calculation, 
we may estimate the average v-factor for nitric acid over our usual range of solute concentrations 
as 383 4 0°06. In our preliminary report (Nature, 1946, 158, 480), we gave the experimental 
value 3°82, so that there is substantial agreement. Since the date of that report, both the 
theoretical and experimental figures have been slightly changed as a result of the use of better 
procedures for calculation. However, the overall effect of these changes is small, and so the 
substantial agreement remains. Its confirmation by more careful calculations definitely 
establishes the explanation expressed in the chemical equations given above 

1.3) Calewlation of Theoretical »- Factors for Nitric Acid.—The principal part of the calculation 
consists in computing the v-factor for the water formed in the reaction between nitric acid and 
the sulpburic acid solvent. This v-factor, which measures the degree of ionisation of the water, 
depends on the concentration of the formed water, and on the concentrations of other sources, 
whether pre-existing or simultaneously produced, of hydrogen sulphate ions. There are two 
such sources, wiz, the water, originally added in order to repress the self-ionisation of the 
solvent, and the nitronium hydrogen sulphate, which is formed along with water from the nitric 
acid 

Let us first calculate v-factors for the total water. Suppose that water in molality m, has 
been added in order to repress the ionisation of sulphuric acid, and that nitric acid in molality 
m, has then been introduced, forming extra water in molality m,’ (with m,' — m,) and nitronium 
hydrogen sulphate in molality m, Then the basicity constant for water, 


K,(H,0) = "H,O*)(HSO,~) /(H,O 
the concentrations being in molalities, is easily shown to be given by 


K, . — + my) (ry 4 My — 12 * 


In Part IL, a value of Ay(H,O) was given, 0°72 g.-mol. kg ~', which is appropriate for calculation 
by the method here to be used. Employing this figure, v, may be calculated for any given 
values of m, and m,. Such calculations of the v-factors for total water in molality m, are 
illustrated in columns 1—3 and 7—9 of Table I 
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Taste I. 


Theoretical v-factors for water produced from mitric acid in solvent sulphuric acid already 
contaimmng water 


— — 

Moiality of 4 Molality of 
added added 

water HNO, 


o-obo 


The next step towards obtaining v-factors for the water formed from nitric acid consists in 
calculating that part of the depression of the freezing point of the solvent which can be con- 
sidered to be due to the total water. This requires the use of the appropriate form of equation (4) 
of PartI. We insert the determined value of the cryoscopic constant; and, in the nearly-unit 
correction factor, we write, with sufficient accuracy, the values s, = v, = 2, and s, = v, = 0, 
thus bringing the equation to the form 


AO = 5-O8r,(om, + omg’) — 0-00358 4 20, F om,’)/10-20) 


It is convenient at this stage, and it does not lead to any appreciable error because of the taking 
of differences later, to set s, = v, = ©, thus ignoring the presence and solvation of the nitronium 
hydrogen sulphate. However, the application of the formula requires care on other counts. 
For, in the first place, the A6, which it allows one to compute, represents the partial freezing-point 
depression, due to total water, below what the freezing point of pure sulphuric acid would be if 
there were no self-ionisation, i.¢., below the “ extrapolated " freezing point 10°62° c. (cf. Part IT). 
On the other hand, the mean depression 6, as one can understand by considering the physical 
meaning of the term which contains it, relates to actual not to idealised, freezing points. There- 
fore, in computing depressions of which 6 is the mean, we must first allow for the extra depression, 
approximately 11-‘96m,, caused by the nitronium hydrogen sulphate. Then, having calculated 
the total depression, due to water plus nitronium hydrogen sulphate, from the extrapolated 
freezing point, 10°62°c., of the undissociated solvent, we must subtract the temperature 
corresponding to one-half of this depression from the real freezing point, 10°36°c., of the 
equilibrium solvent, in order to obtain the mean depression. The numerical work is done by 
cyche approximation, a single cycle being sufficient. The computed partial depressions A§ due 
to total water are given in the fourth and tenth columns of Table I. 

As has been said, these depressions neglect the self-ionisation of the sulphuric acid solvent 
However, the water initially introduced in molality m, is considered to suppress the solvent 
dissociation, in conformity with the basis of computation of the employed value of the basicity 
constant. Therefore, if we subtract the calculated depression, corresponding to the water 
molality, m,, from a calculated depression for a larger water molality m, + m,', where m,° = mg, 
the difference will represent the real depression A@’, due to the extra water in molality m,’; that 
is, it will represent the partial depression due to water formed from nitric acid in molality m, 
These partial depressions, 49’, are listed in columns 5 and 11 of Table I 

The corresponding values of v,’, the v-factors of the water formed from the nitric acid, are 
given in columns 6 and 12 0f Table I. They are readily computed from the depressions, 49’, by 
means of the appropriate specialisation 


SD = 5 Oy, m,'(! 000350 + Zim, + Wiz’) /10-20} 


of the previously given formula. Here, the mean freezing-point depression, 6’, must be reckoned 
from the true freezing-point of equilibrium sulphuric acid, and must take into account the 
depressions caused by the nitronium hydrogen sulphate, just as for the previously considered é. 
But the intervals over which the means @ are to be taken are different, having, as one limit, the 
— given by the originally introduced water 

The theoretical v-factors for nitric acid itself are now obtained by simply adding 2°00 to each 
of the figures given in columns 6and 1l2of TableI. This addition is made in respect of the formed 
nitronium hydrogen sulphate. 
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(1.4) Experimental + Factors for Nitric Acid and their Comparison with the Theoretical 
v-Factors The treezing-point depressions produced by nitric acid were measured in solutions in 
— acid containing previously introduced water. The added solute was absolute nitric 

by methods which are standard in this laboratory (Benford and Ingold, ]., 1938, 
3 Hughes, Ingold, and Reed, /., 1960, 2400) 

Supposing the self-ionisation of the sulphuric acid solvent to have been completely suppressed 
by the initially added water, the v-factors for nitric acid may be calculated from the further 
depressions of freezing point produced by the nitric acid, by the use of an appropriate form of 
equation (5) of PartI. Now it has been established in Parts I and II that potassium, ammonium, 
and hydroxonium hydrogen sulphates are solvated in sulphuric acid, and it seems inherently 
probable that the same will be true of nitronium hydrogen sulphate. Such solvation, as well as 
the solvation of water and its ions, must be taken into account in choosing our specialised 
equation, which is derived by substituting a suitable value of s, in equation (5) of Part I, s, being 
the total number of solvent molecules which, either by reaction or through solvation, are put out 
of action as solvent, by one molecule of added nitric acid. If » is the solvation number of 
nitronium hydrogen sulphate, then s, =< "s+ 3. The only way we have of estimating n» is by 
choosing it to give consistent v-flactors over a range of concentrations. Using this criterion, not 
only for solute nitric acid (this paper, and Part V), but also for the other investigated solutes 
which produce nitronium hydrogen sulphate, viz, dinitrogen pentoxide and dinitrogen tetroxide 
(this paper), and also nitronium perchlorate (Part VI), it is thus estimated that the solvation 
number » of nitronium hydrogen sulphate lies between 2 and 3, probably nearer to 2. (The 
sensitivity of the method is insufficient to enable such values to be determined more closely than 
to the nearest integer.) In order to illustrate the effect of solvation of the nitronium salt, 
values of v for nitric acid have been calculated for the »-values 0, 2, and 3, from the experimental] 
freezing-point depressions. The results of these calculations are shown in Table II 


Taste Il 


Depression of the freezing point of sulphuric acid by added nitric acid. Comparison of the 
experimental and theoretical v-factors for minic acid 


Molality of 
added HNO, 
Expt. no Hi) — (Am,) F. p. ( 
(0-066 700 
0-01463 vie 
002060 be — 
004461 8 763 
006046 q 


» (exptl 


0080 
©-o2213 
0-03806 
0» 06760 
0-O8231 


* One of an carly series (1042 


The v-factors computed with allowance for solvation are to be compared with the theoretical 
v-factors entered in the last colamn of the Table. These theoretical factors are calculated from 
the chemical equations representing the decomposition of nitric acid in sulphuric acid, and the 
jonisation constant of water, as is illustrated in Section 1.3 

(1.5) Calewlation of a Theoretical Curve for the Freezing-point Depression due to Nitric Acid.—A 
theoretical curve for the depression of the freezing point of sulphuric acid by added nitric acid 
may be calculated by an application of the principles outlined in Sections 1.3 and 1.4. The 
results of such a calculation are given in Table III. They relate to two cases in which the 
sulphuric acid solvent has been pre-treated by the addition of water in 0-05 and 0-065 molal 
concentrations 

Col. 3 in this Table gives the partial depression, calculated for the partly ionised water formed 
from the nitric acid. These figures are copied from Table I. Col. 4 contains the partial 
depressions calculated for the binary electrolyte (NO,*)(HSO,~) into which the nitric acid is 
assumed to be completely converted, in the presence of the simultaneoutly formed, and 
previously added water. These figures contain no allowance for the solvation of the nitronium 
salt; and since, on this basis, one molecule of sulphuric acid 1s required for the production of one 
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molecule of the binary electrolyte, equation (5) of Part I is used with the substitutions s, = 1 
and v, = 2, so that it reduces to 


A@/Am, — 11-96(1 — 0-00355 + m,/10-20) 


where m, is the total molality of water present. Cols. 5 and 6 give the corresponding partial 
depressions, as calculated by those special forms of equation (5) of Part 1, which take into account 
the solvation of the nitronium salt with the solvation numbers 2 and 3, so that s, becomes 3 and 
4, respectively. In all these calculations allowance is made for the presence of the other set of 
solutes, viz., water and its ions, when computing the mean depression §. The figures in the last 
three columns of Table III are obtained by addition of the appropriate partial depressions. 


Taste Ill. 
Calculated depressions of the freezing point of sulphuric acid by mitric acid. 
Molality of Freezing-point depressions (ce. 


added H,O (NO,)*(HSO,)~. 
water : and its e a 
(my) 
0-050 6-215 
0 0-423 
0-625 
0-829 
1021 
o212 
0-415 
0-618 
O-815 
1-005 
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The difference between the depressions for the two different initial water concentrations is 
very small; and a theoretical freezing-point curve has been constructed from the data for an 
initial water concentration of 0°05 molal, with a solvation number of 2 for the nitronium hydrogen 
sulphate. In Fig. 1 (p. 2513), this curve is shown, in comparison with observational points 


representing the data of Table II. Evidently our theory that nitric acid is converted in sulphuric 
acid into fully dissociated nitronium hydrogen sulphate and partly ionised water, according to 
the equations already given, is in satisfactory agreement with experiment. 


(2) The Solute Dinitrogen Pentoxide. 

(2.1) Theories of the Condition of Dinitrogen Pentoxide im Sulphuric Acid —I\t was noticed by 
Klemenc and Schdller (Z. anorg. Chem., 1924, 141, 231) that solutions of dinitrogen pentoxide 
in sulphuric acid possess nitrating properties very similar to those of nitric acid in gm 
acid: not only was nitration by dinitrogen pentoxide a reaction of the second order, like 
nitration by nitric acid, in solvent sulphuric acid, but also the rates of nitration with these two 
reagents were practically identical, provided that, in calculating the concentrations, one molecule 
of dinitrogen pentoxide was taken as the equivalent of two molecules of nitric acid. This would 
mean, if dinitrogen pentoxide were to dissolve unchanged in sulphuric acid, that the nitric acid 
is converted into dinitrogen pentoxide, an interpretation which has been suggested or supported 
more than once. Alternatively, it could mean, if dinitrogen pentoxide is in any way changed in 
sulphuric acid, that nitric acid is dehydrated and converted into the products of the change 

It was emphasised by Chédin particularly that dinitrogen pentoxide is changed in sulphuric 
acid. He showed that nitric acid and dinitrogen pentoxide, in solution in sulphuric acid, gave 
the same Raman spectrum, which was neither that of nitric acid, nor that of dinitrogen pentoxide 
as this substance exists in non-ionising solvents (in which it had been proved to have a normal 
molecular weight), but was almost exactly similar to that of the Raman spectrum of solid 
dinitrogen pentoxide (Compt. rend., 1935, 200, 1307; 201, 724; 1936, 208, 722). Therefore 
Chédin concluded that the substance which was formed from nitric acid, and from dinitrogen 
pentoxide, in solvent sulphuric acid was a special form of dinitrogen pentoxide, but was not the 
molecule of the gaseous substance, or of its solutions in non-ionising solvents. 

(2.2) Cryoscopic Proof of the Conversion of Dinitrogen Pentoxide into the Nitronium Ion.—In 
view of the conclusion (Section 1.2) that nitric acid is converted in solvent sulphuric acid into 
fully dissociated nitronium hydrogen sulphate and partly ionised water, the substantial 
equivalence, by both chemical and Raman-spectroscopic tests, of solutions of nitric acid and of 
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dinitrogen pentoxide in sulphuric acid, leads to the inference that dinitrogen pentoxide also is 
converted into nitroniam hydrogen sulphate and partly ionised water, though, naturally, with a 
diminished proportion of water. The approximate equation is as follows 


N,O, + 3H,S0, « INO, + H,O* + 3HSO.- 


This is the equation which would represent the change if the dinitrogen pentoxide were to dissolve 
in its ionised from, (NO,*)(NO,~), and then the nitrate ion were to become converted, as it is 
bound to be by sulphuric acid, into nitric acid, and thence into a second nitronium ion, in 
accordance with the equation given on p 

The above equation requires a v-factor of 6 for dinitrogen pentoxide. However, this estimate 
must be too high because the ions of water, the hydroxonium and hydrogen sulphate ions, will 
partly recombine (cf. Part II). This effect in principle renders the v-factor dependent on the 
concentration, A closer estimate of the v-factors applying to our concentrations can be obtained 
by using the determined average v-factor for water in a similar range of concentrations, and 
making a rough allowance for the common-ion effects of the simultaneously formed nitronium 
hydrogen sulphate, just as was done in the case of the solute nitric acid (Section 1.2). This 
procedure indicates that one should expect v-factors in the range 5°78 + 0-11. In our pre- 
liminary report on the cryoscopic behaviour of dinitrogen pentoxide in sulphuric acid (Nature, 
1946, 158, 480), we gave the value 5°85, as the experimentally determined v-factor for this solute 
However, this value becomes a little changed as a result of improved constants and better 
procedures for calculation The result is to improve the agreement, which definitely establishes 
the form of ionisation postulated 

(2.3) Caleulation of Theoretical » Factors for Dinttrogen Pentoxide This calculation is made 
by the same method as that illustrated in Section 1.3, though some of the details of the procedure 
are a little different, because of the altered ratio in which nitronium hydrogen sulphate and water 
are formed from dinitrogen pentoxide, as compared with the ratio in which they are produced 
from nitric acid 

It is necessary first to compute v-factors for total water in molality m, + m,', assuming that 
water in molality m, has first been added in order to repress the self-ionisation of the sulphuric 
acid, and that dinitrogen pentoxide in molality m, has then been introduced, producing extra 
water in molality m,’ (with m,’ « m,), and nitronium hydrogen sulphate in molality 2m,. The 
formula for the basicity constant of water then becomes 


Ky = {(0ty + mtg’) (0, ~ 1)* + Bom,/r, 


Thus using the value A, O72 g.-mol. kg.~' (cf. Part II), one obtains v-factors for total water, 
such as are listed in Table IV. From these, one may proceed to compute the partial depression 
A of the freezing point due to total water, using the formula 


AO =~ 5-08, (im, + m,’) (1 O-OO3SE + 2(m, + my’) /10-20) 


By subtracting the partial depressions, calculated for total water in molality m, + m,', from the 
depression calculated for the water originally added in molality m,, one obtains the partial 
depression, called A6’, corresponding to the water produced from the dinitrogen pentoxide 
From these partial depressions, one can now calculate the v-factors, which we term »v,’, for the 
water formed from the dinitrogen pentoxide. The equation used is 


Me 5 O8e yn, (1 OOO35F + 2m ws 10-205 


The whole calculation up to this stage is illustrated by the figures in Table IV The headings of 
the Table anticipate what will be pointed out later, viz., that just the same figures hold if the 
added solute ws dinitrogen tetroxide or dinitrogen trioxide 

rhe final step in the calculation of theoretical v-factors for dinitrogen pentoxide, tetroxide, 
or trioxide consists in adding 4°00 to each of the v’ values given in the last column of Table IV 
The addition is made in respect of the two molecules of fully dissociated nitronium or nitrosonium 
hydrogen sulphate which are assumed to be formed from any of these oxides simultaneously 
with the one molecule of partly sonised water 

2.4) Expertmental y-Factors for Dinstrogen Pentoxide and theww Comparison with Theoretical 
v- Factor Since our first report (Vature, 1946, 158, 480), some new cryoscopic measurements 
in solvent sulphunec acid, leading to a v-factor for dinitrogen pentoxide, as well as to one for 
nitric acid, have been reported by Kuhn (J. Amer. Chem. Soc., 1947, 69, 1974). For the pent- 
oxide he obtained » 5°50, a value which, according to our work, is low, and would be even 
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lower if recalculated by our methods. For nitric acid he records v = 3-97, a result which is high, 
and would not be much improved if recalculated. 


Tassie IV. 


Theoretical v-factors for water produced from dinitrogen pentoxide, dinitrogen tetroxide, ov 
dimstrogen trioxide, in solvent sulphuric acid containing water. 
Depression by 
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ofadded », for total from water 
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Our measurements were made with dinitrogen pentoxide prepared from nitric acid and 
phosphoric oxide. It was sublimed from excess of phosphoric oxide, and purified by being 
twice resublimed through phosphoric oxide in ozonised between room temperature and 

-80°. A series of cryoscopic results is recorded in Table V. 


Tasie V. 
Depression of the freezing point of sulphuric acid by added dimitrogen pentoxide. Comparison of 
experimental and theoretical v-factors (Expt. 98). 
Molality of added water (m,) = 0-064. 
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000614 89615 574 567 5-65 5-72 8858 5683 5-73 5-65 564 
001247 9395 576 5-68 565 569 . S614 582 570 5-65 5-63 


We have calculated the v-factors both neglecting the effect of solvation of the nitronium salt 
and also taking this into account, the solvation numbers of 2 and 3 being assumed. In these 
calculations it is a sufficient approximation to substitute s, — 4 and v, = 6 in the nearly-unit 
correction factor of equation (5) of Part I, when solvation is being neglected, and, since 
S, = 2n + 4, to write s, = 8 and v, = 6, and s, = 10 and v, = 6, where the solvation number 
n of the nitronium salt is being taken to be 2 and 3, respectively. The sets of v-factors, calculated 
from the cryoscopic results with inclusion of the corrections for solvation of the nitronium salt 
are to be compared with the theoretical v-factors given in the last column. These theoretical 
v-factors are calculated, as illustrated in Section 2.3, from the already given chemical interpre- 
tation of the reactions which take place on dissolving dinitrogen pentoxide in sulphuric acid. 

(2.5) Calculation of a Theoretical Curve for the Freezing-point Depression due to Dinitrogen 
Pentoxide —This calculation is made by the general method already illustrated in Section 1.5 
for solute nitric acid. The results of such a calculation for solute dinitrogen pentoxide are 
given in Table VI, the headings of which anticipate the point, which will be required later, that 
exactly the same figures apply to the solutes dinitrogen tetroxide and dinitrogen trioxide. The 
calculation is made for the case in which the sulphuric acid solvent has been pre-treated by the 
addition of water in 0°07 mola] concentration. 

Col. 3 of the Table contains the partial depression of freezing point due to the single molecule 
of water, which is formed from each molecule of dinitrogen pentoxide, and to the pairs of ions 
into which this water is partly converted in the sulphuric acid solvent. These figures are taken 
over from Table IV. The next three columns of Table VI contain partial depressions of freezing 
point calculated as for a quaternary electrolyte, giving the two nitronium and the two hydrogen 
sulphate ions, which each molecule of dinitrogen pentoxide is assumed to furnish, in addition to 
the single molecule of water which becomes partly ionised. The depressions given in col. 4 
(headed n < 0) were calculated by assuming the solvation number n of the nitronium salt to be 
zero, equation (5) of Part I being employed with the substitutions s, = 2 and v, ⸗ 4, since the 
formation of one molecule of the quaternary electrolyte needs two molecules of solvent sulphuric 

‘Y 
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acid. The depressions in cols. 5 and 6 were calculated by assuming the solvation number n of 
nitronium hydrogen sulphate to be 2 and 3, respectively, the appropriate forms of equation (5) 
of Part I being employed (s, — 20 + 2). The values in the last three columns of Table VI are 
total depressions, obtained by addition of the relevant partial depressions 


Taste VI. 


Calculated depressions of the freesing-pownt of sulphuric acid by dimstrogen pentoxide, 
dinitrogen tetroxide, ov dinitrogen trioxide 
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» = 2, is shown in Fig. 1 on p. 2513, in association with points representing the observations. It 
will be seen that there is a close agreement 


(3) The Solute Dinitrogen Tetroxide 


(3.1) Theory of the Condition of Dinitrogen Tetroxide in Sulphuric Acid.—It was shown, 
though in a somewhat qualitative manner, by Pinck (J. Amer. Chem. Soc., 1927, 49, 2536), and 
has been confirmed in this laboratory, that many aromatic compounds, provided that they are 
not too easily nitrosated, may be smoothly nitrated by solutions of dinitrogen tetroxide in 
sulphuric acid, but that, in this process, only one of the two nitrogen atoms of the dinitrogen 
tetroxide becomes introduced as a nitro-group into the aromatic molecule. Even deactivated 
aromatic compounds, such as nitrobenzene, may be readily nitrated in this way 

This is a significant result, but no well-supported view about the nature of the solutions of 
dinitrogen tetroxide in sulphuric acid seems to have been advanced before our preliminary 
publication (Nature, 1946, 158, 480), in which it was suggested that dinitrogen tetroxide under- 
goes an ionisation, generally similar to that of dinitrogen pentoxide, but differing from the latter 
im that the tetroxide gives one nitronium ion and one nitrosonium ion in place of the two 
nitronium ions given by the pentoxide. We recorded at that time that Dr. D. J. Millen had 
detected in such solutions of dinitrogen tetroxide both the nitronium ion and the nitrosonium 
ion, as well as the hydrogen sulphate ion, by the method of Raman spectroscopy; and we 
submitted cryoscopic evidence that ionisation in the form suggested was substantially complete. 

(3.2) Cryoscopic Proof of the Conversion of Dinitrogen Tetroxide into the Nitronium and 
Vitrosomum Jons The approximate equation for the postulated ionisation is as follows : 


N,O, + 3H,80, « NO,* + NO* + H,O* + 3HSO,- 


Apart from the regeneration of a small proportion of water from its ions, this equation would 
represent the total change if the dinitrogen tetroxide were to dissolve in either of its possible 
ionic forms (NO)*(NO,)~ or (NO,)*(NO,)~; for, in the first case, the nitrate ion would be con- 
verted by the sulphuric acid solvent into nitric acid, and thence into the nitronium ion, whilst in 
the second, the nitrite ion would yield nitrous acid, and thence a nitrosonium ion. 

The above equation represents dinitrogen tetroxide as having a v-factor of 6; but, as was 
discussed in connexion with the solute dinitrogen pentoxide, we should expect v-factors of about 
5°78 4 O11 on account of the balanced reaction between water and the ions which it forms in 
solvent sulphuric acid. In our preliminary report (Joc. cif.) we quoted the cryoscopically 
determined »factor of dinitrogen tetroxide as 5°84. The agreement is tolerable; and it is 
improved in the more refined treatment now to be described. It is diagnostic of the form of 
ionisation postulated, and shows that the conversion of dinitrogen tetroxide into the nitronium 
and nitrosonium ions is quantitative in sulphuric acid 

(3.3) Experimental v-Factors for Dinitrogen Tetroxide and their Comparison with Theoretical 
v- Factors —The dinitrogen tetroxide employed in the present experiments was prepared from 
70% nitric acid and solid sodium nitrite, the evolved gas being carried in a stream of oxygen 
through a condenser arranged to retain nitric acid and water, and into a receiver kept at — 80°. 
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Purified by redistillation in oxygen through phosphoric oxide, the tetroxide was collected at 
— 80° as colourless crystals. A concentrated solution of dinitrogen tetroxide in sulphuric acid 
was made up for convenience in the addition of the tetroxide to the sulphuric acid in the freezing- 
point cell (cf. Section 1.3 of Part I). The cryoscopic observations, and the relevant 

are reported in Table VII. 


Tastz VII. 


OEE he ee Comparison of 
experimental and theoretical v-factors. 
Molality 


Molah exptl. 
a ve os = of NO, F.p. 2 
(Am,). (c.). w= 0. —2. w= 3, (theor.) (Am,). ("¢.). a=. w= 2. — (heer) 


Expt. No. 4. Molality of added water (m,) Expt. No. 97. Molality of added water (m,) 
«= 0-075 = 0-069 


— 9-691 — — 0-775 
000481 9624 . 576 . 5-72 9-381 , 5.69 
001189 273 574 5-69 9130 5-66 
001637 113 , 5-76 5-67 SSG 5-64 
001933 9012 . 5-72 : 5-66 $501 P 6-61 562 
$217 5-65 561 


The calculations of v-factors from the experimental results are made exactly as in the case 
of dinitrogen pentoxide, although, for the purpose of computing the correction for solvation, 
an estimate had to be made of the solvation number of the nitrosonium ion. We have already 








Fis. 1. 


Observed depressions of the freezing point of sulphuric acid, and theoretical freezing-point depression curves, 
for solute miutric acid, and for the solutes dimstrogen pentoxide, tetroxide, and triomide. 
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estimated that of the nitronium ion to be close to 2. Taking account not only of the cryoscopic 
data for dinitrogen tetroxide, but also of those for dinitrogen trioxide which are reported below, 
we estimate the solvation number of the nitrosonium ion also as approximately 2. The corrected 
experimental values of v are given in col. 4 of Table VII. These are to be compared with the 
theoretical v-factors entered in the last column of the Table. As is noted in Section 3.2, the 
theoretical v-factors for dinitrogen tetroxide, i.¢., those required by the postulated form of 
sonisation of this substance, may be calculated in the same way as for dinitrogen pentoxide 
Another form of comparison between theory and experiment is illustrated in Fig. 1 (p. 2513) 

As was noted in Section 2.5, a theoretical curve for the depression of freezing point produced 
ty dinitrogen tetroxide may be calculated exactly as for dinitrogen pentoxide ; it is, in fact, the 
same curve. This curve appears in the figure, as also do the points which represent the observed 
depressions given in Table VII. The agreement is evidently satisfactory. 


(4) The Solute Dinitrogen Trioxide. 


(4.1) Theory of the Condition of Dinttrogen Trioxide in Sulphuric Acid.—1t was first suggested 
by Hantzsch and Berger (Z. anorg. Chem., 1930, 190, 321) that the substance long known as 
nitrosylsulphuric acid, or ‘ chamber crystals,’ has the ionic constitution of nitrosonium hydrogen 
sulphate, (NO*)(HSO,) Their evidence for this structure was derived from the cryoscopicall) 
determined molecular weight in sulphuric acid solution, from comparisons with other nitrosonium 
salts, such as the perchlorate, and from the fact that solutions of the substance in sulphuric acid 
nitrosate, but do not nitrate, suitable aromatic compounds, such as dimethylaniline. The 
fundamental Raman frequency of the nitrosonium ion was found by Angus and Leckie in solid 
nitrosonium hydrogen sulphate, and also in nitrosonium perchlorate; and they found it again 
in solutions of chamber crystals in sulphuric acid (Proc. Roy. Soc., 1935, A, 149, 327; A, 150, 
615) 

Dinitrogen trioxide, although itself a deep blue, forms a colourless solution in sulphuric acid 
Such solutions are closely similar in all their more obvious chemical and physical properties, for 
instance, in their power of nitrosating aromatic compounds, and, as is shown in detail in an ac- 
companying paper (J., 1950, paper no. 508), in their Raman spectrum, to solutions of nitrosonium 
hydrogen sulphate in sulphuric ack; and thus the suggestion becomes almost inevitable that 
solutions of dinitrogen trioxide in sulphuric acid contain nitrosonium ions and hydrogen sulphate 
ions as the characteristic and essential solutes. In our preliminary account of this work (Nature, 
1946, 158, 480), we put forward this hypothesis, supposing that the dinitrogen trioxide undergoes 
in sulphuric acid a quantitative ionisation quite similar to that of dinitrogen pentoxide or 
dinitrogen tetroxide, except, naturally, that the trioxide will produce two nitrosonium ions 
instead of two nitronium ions or one cation of each kind. We recorded at that time that Dr. D. J 
Millen had found the characteristic Raman frequencies of the nitrosonium and hydrogen sulphate 
ions in solutions of dinitrogen trioxide in sulphuric acid; and we ourselves presented cryoscopic 
evidence in favour of the ionisation suggested 

4.2) Cryosecopic Proof of the Conversion of Dinitrogen Trioxide into the Nitrosonium Ion —The 
approximate equation for the assumed ionisation is 


N,O, + 3H,SO, = 2NO* + H,O* + 3HSO, 


Apart from the neglected partial regeneration of water from its ions, this equation expresses 
what would be the total change if the dinitrogen trioxide were to dissolve in its ionic form 
NO"*)(NO,>), and the nitrite ion were then to be converted, as it would be in the sulphuric acid 
solvent, into nitrous acid, and thence into a second nitrosonium ion 

The above equation gives to dinitrogen trioxide a v-factor of 6; but, just as for dinitrogen 
pentoxide and dinitrogen tetroxide, we have to expect somewhat smaller v-factors, owing to the 
balanced reaction between water and its ions. As in the previously discussed cases, we may, in 
advance of detailed calculation, set down the v-factors theoretically to be expected as lying in 
the range 578 4 O11. In our preliminary report we gave 5°85 as the cryoscopically estimated 
v- factor The agreement even at this stage is tolerable, but a more refined treatment establishes 
with precision the ionisation postulated 

4.3) Leperimental v-Factors for Dimitrogen Trioxide and their Comparison with the Theoretical 
v- Factors The dinitrogen trioxide employed in the present work was prepared by the interaction 
of solid sodiam nitrite with 70%, nitric acid. The evolved gases were carried in a stream of 
nitrogen through a reflux condenser arranged to retain nitric acid and water, and were then 
condensed at — 80 The liquid condensate was distilled at as low a temperature as possible, 
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in a fairly rapid stream of dry nitric oxide, through phosphoric oxide; and it was again condensed 
at —80°. Dry nitric oxide was passed for some hours through the condensate, which was 
preserved at — 80° in an atmosphere of nitric oxide 

Owing to the tendency of dinitrogen trioxide to decompose when allowed to become warm, 
some difficulty was experienced in the preparation of those concentrated solutions of known 
composition of dinitrogen trioxide in sulphuric acid which were required as a means for the 
addition of accurately weighed amounts of dinitrogen trioxide to the sulphuric acid in the 
freezing-point cell (cf. Section 1.3, Part I). Our attempts to prepare such solutions by direct 
addition, t.e., by the addition of liquid dinitrogen trioxide at — 80° to solid sulphuric acid, the 
whole being then allowed to warm to above the eutectic temperature in a closed tube until the 
liquid contents of the tube became homogeneous, always produced small residues of unabsorbed 
nitric oxide. This meant that a little of the dissolved material was dinitrogen tetroxide, and 
that therefore a measurement of the increase in weight of the solution above that of the originally 
used solvent would not give accurately the molecular composition of the solution. Dr. Millen 
was usually able to find in the Raman spectra of solutions prepared by this method a faint but 
distinct record of the characteristic frequency of the nitronium ion, besides, of course, a strong 
record of the fundamental frequency of the nitrosonium ion. The effect of the disturbance was 
also easily detectable in our cryoscopic measurements with these solutions, which gave non- 
reproducible v-factors always from 1% to 5%, too low. 

Correct results were obtained when the dinitrogen trioxide was carried into the sulphuric 
acid by distillation in a stream of dry nitric oxide at the lowest convenient temperatures. The 
solution in the sulphuric acid absorbs a little of the nitric oxide with the formation of a pale 
violet colour; but this nitric oxide is at once evolved with discharge of the colour when, after 
the transference, the nitric oxide atmosphere above the sulphuric acid is replaced, first by 
nitrogen, and then by dry air, in preparation for the final weighing. Some cryoscopic results 
obtained by this method are recorded in Table VIII 


Taste VIII. 


Depression of the freezing point of sulphuric acid by dinitrogen trioxide. Comparison of 
experimental and theoretical v-factors (Expt. 101) 
Molality of added water (m,) — 0-070 
Molahty » (exptl Molality » (exptl.) 
fN,O, F.p A. ¥ of NO, F.p — * — J 
Am, (*« . & = 2. mo 3. (theor.). (Am). (°C.). a =O. w= 2. wm = 8. (theor.) 
9-758 : — — 002448 8004 579 SOR 563 5-65 
000001 9446 57 5-68 564 570 0-03140 § 651 56 57 5-68 5-63 
001498 8237) 577 5-68 5 64 5-68 O-03754 8441 583 5-68 563 5-62 








The calculations of the v-factor are made exactly as for dinitrogen pentoxide and dinitrogen 
tetroxide. The v-factors calculated with the solvation number # « 2 for nitrosonium hydrogen 
sulphate are in columns 4 and 8 of the Table; and they are to be compared with the theoretical 
v-factors. These are calculated from the postulated chemical changes, as described in Section 2.3 

The comparison between theory and experiment is shown again in Fig. 1. As was noted in 
Section 2.5, the theoretical curves for the depression of the freezing point of sulphuric acid by 
dinitrogen pentoxide, tetroxide, and trioxide are identical. The diagram shows that the 
observational points for dinitrogen trioxide, no less than those for the tetroxide and the 
pentoxide, lie well on this common curve. 
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500. Cryoscopic Measurements in Sulphuric Acid. Part IV. Reactions 
of Ionised Sulphates in Sulphuric Oleum. Self-ionisation Equilibria 
in Sulphuric Acid, and Ionic Equilibria in Oleum. The Polysulphuric 
Acids. 


By R. J. Gueser. 
The variations of freezing point have been followed when, to oleum, first ammoniem 
and thereafter 


salphate, water, are added. The nature of the results can be appreciated by 
reference to Fig. lon p. 2531. The freezing points of originally taken oleums lie on the limiting 
curve towards the right. The freezing-point curves obtained by adding ammonium sulphate 
run generally downward towards the left, but with a reduced initial , the initia! reduction 
imcreasing, and leading eventually to an initial rise in the curve, as concentration of the 
origmma! oleum is increased. The curves for the addition of water are those which start upwards 
towards the left, then pass through a maximum, and then descend. 

From these results the basicity constant of the hydrogen disulphate ion is deduced. From 
this, and the acidity constant of disulphuric acid, the au ysis constant of ic acid 
is calculated. By combining this value with the concentration of self jation 
products in sulphuric acid, as derived in Part I], the concentrations are computed of each of 
the four ionic species formed by self-dissociation of sulphuric acid. The dissociation consists 
of an autoprotolysis to H,50,* and HSO,~, accompanied by a smalier amount of ionic self- 
dehydration to H,O* and HS,0,~. 

Another set of conclusions relates to the presence in oleum, besides disulphuric acid, 
H,5,0,, of higher polysulphuric acids. T uric acid, H,5,0,,, and tetrasulphuric acid, 
H,S,0,,, are definitely recognised. An equilibrium constant goveruing the formation of 
trisaipbiari acid is deduced. The y of forming poly-acids, for which tu 
molybdenum are notable, is thus ex to sulphur, to which it can be traced through the 
intermediate elements, chromium and selenium, as well as, in the other direction, to uranium 
Therefore it appears as 4 somewhat general property of the elements in Group VI. 

Further conclusions are drawn concerning the strengths of the bn ay ewe acids. 
Disulphuric acid was shown in Part II to be a semi-strong acid. The hydrogen disulphate ion 
is, however, a very weak acid. It is very incompletely otonated to form a doubly charged 
ion, even by a large excess of hydrogen sulphate ion, strongest available base in these 
solutions. Thus disulpharic acid does not undergo, to any marked extent, a second stage of 
ionisation, before the first « is practically complete. On the other hand, the higher 
—— acids appear to somewhat stronger than disulphuric acid with respect to 

rst stages of ionisation, and to be very much stronger with respect to second stages. This is 
reasonable on structural and electrostatic grounds. Thus, on the progressive addition of 
hydrogen sulphate ions, the higher polysulphuric acids are deprotonated earlier than is the 
disulphuric acid; and the doubly c anions of the higher poly-acids are formed in much 
greater proportion than is the doubly c ed anion of disulphuric acid 

The reactions taking place during the titration of sulphur trioxide in oleum, or in solutions in 
oleum, with water to the cessation of fuming (Brand), are considered. The suggestion that one 
hydrogen sulphate ion semoves half a molecule of titratable sulphur trioxide, for the reason that 
two hydrogen sulphate ions suffice for a stoicheiometrically quantitative removal of two 
protons from one molecule of disulphuric acid, is shown to be unfounded. The factor one-half 
an approximation, and nds on an arbitrary adjustment (mainly through temperature 
control) of the sensitivity of the end-point of the titration, t.¢., it depends on an adjusted 
relation between the minimum concentration of disulphuric acid required to produce a visible 
fuming, and the basicity constant (which has the dimensions of concentration) of the hydrogen 
disulphate ton 


(1) Preliminary Statements about the Species Present in Sulphuric Acid and in Dilute Oleum. 


(1.1) The Seif-dissociation of Sulphuric Acid.—The work to be reported was undertaken 
in order to obtain further information about the molecular and ionic species which are present, 
and about the equilibria in which they participate, in solvent sulphuric acid and in dilute 
sulphuric oleum. In order to simplify the following account of the relationships which the 
measurements reveal, it is convenient to commence with some statements which partly 
summarise results described in preceding papers, but partly also anticipate, or indicate, findings 
established later in this paper 

rhe rounding of the freezing-point curve of the system H,O-SO, at compositions in the 
neighbourhood of H,SO, was discussed in Part II (/., 1950, 2493). It shows that sulphuric acid 
is considerably self-dissociated. Undoubtedly the self-dissociation is partly an autoprotolysis. 
Phe products of this process are the sulphuric acidium ion and the hydrogen sulphate ion : 


2H,50, ~ H,SO,* + HSO,- (1) 


The process is thus quite analogous to the autoprotolyses that occur in other solvents, such as 
water and ammonia 
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A part of the process of self-dissociation of sulphuric acid must, however, arise from the 
self-dehydration of the sulphuric acid to sulphur trioxide and water, each of which reacts with 
sulphuric acid to produce ions, as already described in Part II : 


H,SO, =~ H,O + SO, 
H,SO, + SO, = H,S,0, 
H,SO, + H,5S,0, « H,S0,* + HS,0,~ 
H,SO, + H,O = H,O* + HSO,” } 


Qualitatively, the formation of sulphur trioxide is indicated by the fuming of pure sulphuric 
acid just above room temperature (cf. Brand, J., 1946, 585). The formation of disulphuric 
acid from sulphur trioxide and sulphuric acid is well established, and so also are the ionisations 
of disulphuric acid and of water. 

It will be shown later that sulphur trioxide and sulphuric acid can combine in molecular 
ratios other than 1:1, and that they are thus able to produce a whole series of ionising 
polysulphuric acids. However, these more complex ionogenic reactions of sulphur trioxide are 
not important at the low concentrations which are relevant to the self-dissociation of pure 
sulphuric acid. Furthermore, in the approximation to which one is limited by other 
considerations, it may be taken that, in accordance with equations (2), disulphuric acid is 
completely ionised as an acid, and water is completely ionised as a base, at the concentrations 
in which these substances are formed by self-dissociation. It follows that equations (2) can be 
reduced to the following approximate form : 


(2) 


2H,SO, = H,O* + HS,O,- i . ® 


In this approximation, the total self-dissociation of sulphuric acid can therefore be described 
by means of two equilibrium constants corresponding to equations (1) and (3). They are the 
autoprotolysis constant, 

Ky = (H,SO,*)[HS0,~) 


and the ionic self-dehvdration constant, 
Ky = (H,O*)(HS,0,-) 


It was established in Part II that, in pure sulphuric acid at its freezing point, the total 
concentration of all the products of dissociation is 0°43 molal, i.¢., enough to lower the freezing 
point by 0°26°. In Part I it was shown that the products of the autoprotolysis alone lower the 
freezing point by 0°16°; and hence it can be concluded that the concentration of the products 
of the self-dehydration is sufficient to cause a freezing-point lowering of 010°. The total 
self-dissociation is thus analysed into the following parts, and the manner in which they 
contribute to the lowering of the freezing point from 10°62°, as estimated for non-dissociated 
sulphuric acid, to the actual freezing point, 10°36°, of the self-dissociated acid in equilibrium, 
is as shown : 


H,SO,* =~ [HSO,~) « 0-013 molal. Total 6-026 molal. Depression 0-16". 
H,0*)} = [HS,O,~] = 06-0083 molal. Total 0017 molal. Depression 0-10". 
All products of self-dissociation 0-043 molal. Depression 0-26". 


From these data, we can calculate the following values for the autoprotolysis constant and the 
ionic seli-dissociation constant, at the freezing point of pure sulphuric acid, 10°36° : 


Ky = 0-00017 g.-mol.* kg.* 
Ky = 0-00007 g.-mol.* kg.* 


The present experiments were designed independently to confirm these conclusions 
concerning the self-dissociation. Although the phenomena which provide the basis for the 
analysis to be described are observed in combination with effects arising from the formation 
and ionisation of higher polysulphuric acids, the desired confirmation has been secured. (We 
shall find it convenient, for the purpose of illustrating computing procedures, to utilise the 
above estimates of the autoprotolysis and ionic self-dehydration constants, even though we 
shall later derive the same values for these two quantities in an independent way.) 

(1.2) The Species present in Dilute Oleum.—The known phase-diagram for the system 
H,O-SO, indicates the existence of only one solid phase having a composition intermediate 

uric acid and that of sulphur trioxide, viz., disulphuric acid, H,S,O,. On 











2518 Gillespie : 


this account it has usually been assumed that sulphur trioxide in solution in sulphuric acid 1s 
largely converted into disulphuric acid. 

As to dilute solutions of sulphur trioxide in sulphuric acid, this is undoubtedly true. In 
Part LI it was found that a provisional first ionisation constant of disulphuric acid could be 
calculated if it were assumed that, at concentrations of the order of 1 molal, sulphur trioxide 
is converted almost entirely into disulphuric acid, and that, at such concentrations, only the 
first ionisation constant of this acid is of importance 

However, it will here be shown that this description provides only an approximate account 
of the behaviour of such solutions. Certainly, solutions in sulphuric acid of sulphur trioxide in 
concentrations of the order of 0-1 molal or somewhat stronger contain mainly disulphuric acid 
in its molecular and ionic forms; but such solutions also contain appreciable proportions of 
higher polysulphuric acids, notably trisulphuric acid, H,S,O,4, and tetrasulphuric acid, 
H,S,0,,. These acids belong to the series H,O(SO,),, concerning which little information has 
hitherto been available, except in relation to the first two members, sulphuric and disulphuric 
acids 

With regard to its first ionisation, disulphuric acid is an acid of moderate strength in solvent 
sulphuric acid (cf. Part 11). Still with reference to first ionisations, we must, on general electro- 
static grounds, expect the higher polysulphuric acids to be rather stronger acids than disulphuric 
acid. In Part II it was shown that disulphuric acid, at concentrations of the order of 0-1 molal 
in sulphuric acid, is considerably ionised with respect to its first stage of ionisation. It is 
established in this paper that the higher polysulphuric acids, which are present in such solutions, 
are ionised quite largely with respect to their first stages of ionisation, and are even further 
sonised as noted below 

On general electrostatic grounds, we must expect that, as the chain -(SO,°O)},: lengthens in a 
higher polysulphuric acid, 4.¢., as m increases, the second ionisation constant of the acid will 
rapidly become more nearly comparable to the first. The second ionisation constant of 
disulphuric acid is undoubtedly much smaller than the first; for we have no evidence that any 
appreciable proportion of the normal disulphate ion can coexist with molecular disulphuric acid 
On the other hand, it will be shown that at least some of the polysulphuric acids which are 
present in dilute oleum, notably trisulphuric acid and tetrasulphuric acid, are considerably 
sonised with respect to both their stages of acidic ionisation 


2) Freesing Point of Solutions of Ammonium Sulphate in Dilute Oleum. Solvolysis of the 
Hydrogen Disulphate Ion. Formation and lonisation of Polysulphuric Acids. 


(2.1) The v-Factors of Ammonium Hydrogen Disuiphate.—In the experiments now to be 
described, the freezing point was measured as successive portions of ammonium sulphate were 
added to dilute oleums of various initial strengths. Ammonium sulphate is completely ionised 
(cf. Part I, J., 1950, 2473) in sulphuric acid, according to the following equation 


NH,),SO, + H,SO, = 2NH,* + 2HSO, ‘ 


As an initial simplification, we assume that the sulphur trioxide, which with sulphuric acid 
composes the oleum, is present entirely as disulphuric acid, which is ionising as an acid according 
to the following balanced reaction ; 


H,5,0, + H,SO, HS,0, H,SO, 


Then the first effect of the added salt must be to destroy the sulphuric acidium ion H,SO,* by 
combination with hydrogen sulphate ion (cf. equation 1), and thus to replace the former ion by 
its equivalent of ammonium ion. When 05 mol. of ammonium sulphate has been added for 
every orginal mol. of disulphuric acid, then stoicheiometrically sufficient hydrogen sulphate 
ions will have been produced to secure the conversion of the whole of the disulphuric acid into 
ammonium hydrogen disulphate. The reaction may be formulated as a simple acid-to-base 
proton-transter 


H,S,0, + HSO, HS,0,~ + H,SO, 6) 
The solution now has the analytical composition of a solution of ammonium hydrogen 
disulphate in sulphuric acid, whether reaction (6) goes to completion or not. If reaction (6 
were to proceed to completion, then the solution would contain two ions, the ammonium ion 
and the hydrogen disulphate ion, for every stoicheiometric molecule of ammonium hydrogen 
disulphate, i¢, it would contain two ions for every original stoicheiometric molecule of 
disulphurie acid, or of sulphur trioxide 
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Our interest at present is in the lack of completeness of reaction (6). Any such lack of 
completeness constitutes a partial solvolysis of the hydrogen disulphate ion—its acceptance of a 
proton from the solvent. The effect of the solvolysis on the total solutes is to replace a 
hydrogen disulphate ion by a disulphuric acid molecule and a hydrogen sulphate ion, i¢., to 
replace one solute particle by two. Hence the effect is to create in the solution a total of more 
than two solute particles for every original stoicheiometric molecule of disulphuric acid. A 
quantitative solvolysis would produce a total of three solute particles for each molecule of 
disulphunc acid. 

Taste I. 
Freezing point of solutions of ammonium sulphate in dilute olewm. 
Weight (g.). Molality 


Solution. Am,SO, H,SO, H,S,0,. AmHS,O,. H,S,0,. AmHS,0, 
Expi. 0 * 








— — 109-13 27 — 0- 2200 : 
0-410 00789 109-50 7 02334 , 0-0108 
0-558 O- 1864 110-02 . 0.5506 . 00-0257 
O-B15 O-3432 110-47 . 1-1 
O15 0-4879 111.08 1-435 
1-030 0-686) 112-40 . 2427 
owes 0-8758 113-41 2-587 
1079 1-083 114-30 . 3.200 
O-95s 1-267 115-18 3-743 
1-065 1-473 116-37 ° 4352 
1-065 1-678 117-13 4955 


AmHSO,. 
1-050 1-880 117-05 6-322 0-0000 
1-637 2-190 119-04 0-862 0-000 
1.654 2-504 120-14 1409 0-000 60-1020 
Expt. 1 
AmHS5,0,. 
— 103-81 
070 0-1443 104-49 . : 0-267 
1-626 0-4572 105-84 ” . 040662 
2-978 1-030 108-60 . . 0-1466 
2-306 1474 110-68 7 . . 02056 
4-269 2.295 114-50 ” 0-90 
3-464 2-962 117-60 , 7 0-3Jso0 


Hy ) added 
0-682 ; 118-15 
0-088 2 118-63 
0-243 * 119-05 
0-208 7 121-58 
0-166 * 122-48 


Espt. 123 
Soln. added. $,0,. H,5,0,. 
om — 104-56 2 - 0.2300 - 5 ROD 

2-867 0-6249 107-00 . 01408 . 2 8-618 
3-874 1.469 : . 00281 3 6-027 

H,O added 20. H,O. 
0-066 * oe7 0 014 8-125 
0-056 * O-O587 0-0293 - 5-200 
0-106 , 0-165 » O-O81e - $283 
0-080 am 3 0-245 ©1212 . & 303 
0-108 — — 0-353 . 0-1737 - & 245 
o-111 * 944 0- 2283 -- 7877 
112 ee 0-576 — O 2434 — 7-273 


* Ammonium sulphate was added as a solution in the original oleum solvent. The weights in the 
first column are those of the added solution. The composition of the solution used for the first 
ll additions was as follows: 22-735 g. of oleum; 5420 g. of Am,S0,_ The last 2 additions were 
made with a solution of the following composition : 30-887 g. of oleum;, 7-231 g. of Am,SO, 

+ The weights in col. | (first six entries) are those of an added solution of ammonium sulphate in the 
original oleum. The composition of this solution was as follows: 25-575. of oleum ; 6-096 ¢ ae 

t The added solution (col. 1) had the following composition: 25-235 g. of original olew 
7 7-032 g- of Am,S0O, 
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Taare |.—continued, 
Weight (g-). Molality. 





| : ‘ 
ac ; ; AmHS,0,. H,5,0,. AmHS,0,. 
Eapt. 104 
— 1670 - 9 238 
01304 O-4120 01498 0-0272 9 203 
o-1560 2-87! OSTOS ©1904 60-0766 9157 
4241 7 2 7 2158 00771 YON 8 963 
Oolee 3-677 ools 0-1527 8 506 
AmHSO, AmHSO, 
o- 1606 r 00006 0.0000 O-40063 e443 
0 18668 , 0-4322 ; 0-0303 S242 
oove oz : 7110 oe 00-0638 7049 
Expt. 106 AmHS,0O,. AmHS,0, 
O 1680 9-328 
0 2695 3 6062 © 1232 04348 9-255 
O-7545 low 30% 06-0263 0-1317 &-787 
AmHSO,. AmHSO, 
OU 3as4 Laine 3181 00000 0-0233 &-407 
© 3290 1414 ©- 8912 - 06-0655 8-030 
#2719 20133 os 1-365 ES ©1004 7-697 
Eapt. 106 AmHS5,0, AmHS,0, 
0 1430 9409 
0-697! 00671 ‘ 1764 00715 00715 9183 
O2315 Oo B26 f 2445 04439 O-0991 9-039 
©1291 00577 2530 O-O785 1145 so50 
H,O added 
oogss 0-9577 2 - 00-0129 - 9-O15 
H,O 
0683 . 3 01-0166 ®115 
oon J 0444 : 0-189 
10659 2 o-O731 0230 
O08 ! 25 (1083 o 104 
24 1432 5-933 
ole 0 4522 0 1922 5356 
Before considering the experimental evidence on this matter, let us note that there is an 
alternative cause which could lead to the appearance of more than two solute particles for each 
original molecule of disulphuric acid. Such a result could arise, not onlv if the hydrogen 
disulphate ion received a proton from the solvent, but also if it donated a proton to the solvent : 
HS,0,~ + H,SO, = S,0O,~~ + H,SO,* , . (7) 
However, it will be shown in Sections 2.3 and 3.1 that such an interpretation cannot be 
entertained. For a body of evidence exists to the effect that the hydrogen disulphate ion can 
transfer its proton only to a quite limited extent even to the hydrogen sulphate ion, which is 
the strongest base that can be supplied in any considerable concentration in solvent sulphuric 
acid. Therefore it is inconceivable that the hydrogen disulphate ion should transfer its proton 
to the sulphuric acid molecule to such an extent that the norma! disulphate ion and the sulphuric 
acidium ion would have to co-exist each in appreciable concentration 
Table I contains the record of such cryoscopic observations as are required for the discussion 
given in Sections 2 and 3 of this paper 
These results are represented in Fig. 1. On the right-hand side (" acidic " side) of the central 
line, freezing points are plotted against the molality of disulphuric acid, calculated on the 
assumption that all the sulphur trioxide, which with sulphuric acid composes the oleum, is 
present in this form The vertical line (" neutral "’ line) corresponds to the composition of 
the solvent sulphuric acid, or of solutions, in that solvent, whose compositions can be expressed 
entirely in terms of “ neutral’ salts, such as ammonium hydrogen disulphate. On the left- 
hand side ("" basic " side) of the neutral line, the freezing points are plotted against the molality 
of hydrogen sulphate ion, calculated on the assumption that it is produced in a completed 
reaction between the solvent and either added ammonium sulphate or added water; and that 
it is destroyed in a completed reaction with any disulphuric acid originally present 
(cf. equation 6 
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The freezing points of the original oleums, to which successive amounts of ammonium 
sulphate were added in the different experiments, are shown upon the nearly straight curve 
which slopes downward towards the right in Fig. | (cf. Pig. 1 of Part Il, where the same curve 
is on the left of the diagram). The effect of the added ammonium sulphate on the freezing point 
is shown bv the curves which, starting out from the nearly straight curve, slope generally 
downward towards the left, though with an initial bend-over, the significance of which will be 
considered in Section 2.2. 


Fis. 1. 
Freezing pownts of solutsons of sulphate im dilute olewms. 








Ss8BRS 











i i 1 
| OT oF oF oy o8 
Molality NH,HSO, or K,0. Molality 1z$,Oy. 


@ Freezing points after the addition of H,O. O Freesmng points after the addition of (NH)),SO, 





In some experiments, ammonium sulphate was added in quantity more than sufficient to 
react with all the original stoicheiometric disulphuric acid. In other experiments the ammonium 
sulphate was added in rather less than the amount necessary for this reaction, and then the 
excess of disulphuric acid was removed by adding water, and the addition of water was continued 
further. The water curves are those which, starting from points just to the right of the neutral 
line, slope upwards to the left, then pass through a maximum, and then descend ; curves like 
— —— —— Chim. physique, 1912, 10, 177). 

We shall consider first the points at which the various curves cut the neutral line. At these 
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points the solutions all have the analytical compositions of solutions of ammonium hydrogen 
disulphate. At the points at which the ammonium sulphate curves, produced if necessary, 
cut the neutral line, the molality of the ammonium hydrogen disulphate is equal to that of the 
stoicheiometric disulphuric acid in the initially employed oleum. At the points at which water 
curves cut the neutral line, the molality of the ammonium hydrogen disulphate is equal to that 
of such of the original disalphuric acid as was destroyed by the added ammonium sulphate 
The molalities and freezing points of all these solutions of ammonium hydrogen disulphates are 
assembled in Table I 


Taste Il 
Freezing pounts of solutions of ammonium hydrogen disuiphate 

p.(« Molality (Am). Depression (A? Depression (40"’) ¥ 

9-06 #115 1-56 : ine” 214 
143 1-85 , 1-8! 210 
O18 243 24 1-97 208 
167 2h : 2-08 2407 
© 202 2m 2- 245 2-02 
o- 230 2-79 2- 274 1-99 
0-240 265 2-02 26 1-08 
O 389 425 421 1-8: 
0-398 ue +n 1-8 


In this Table, a series of freezing-point depressions M6’, are entered, which are computed with 
reference to the freezing point, 10°62°, which the pure solvent would have if it did not undergo 
self-dissociation (Part Il, /., 1950, 2493). However, the solvent actually suffers two forms of 
seli-dissociation, one of which, the ionic self-dehydration, is easily shown to be almost competely 
suppressed by the amounts of hydrogen disulphate ions-present in the solutions under 
consideration. The other is the autoprotolysis, and it will be shown that this is only partly 
repressed by the smaller amounts of hydrogen sulphate ions, which arise in the same solutions by 
solvolysis of the hydrogen disulphate ions. Part of the depression, AO’, is due to the surviving 
autoprotolytic ions, and this must be calculated and deducted, in order to obtain the depression 
due to the added solute 

The calculation of this correction requires a knowledge of the solvolysis constant of the 
hydrogen disulphate ion, which is one of the data we wish to extract from the results, and also 
of the autoprotolysis constant of the solvent, which quantity we hope to derive with the help of 
the solvolysis constant. It is therefore necessary to start with rough estimates of these quantities 
and proceed by successive cycles of approximation. In illustration of the method we may take 
the following value of the solvolysis constant, vtz., 


K,(HS,0,~) « (H,S,0, (HSO,~)/[HS,0,~) = 0-008 g.-mol. kg. 
and the already quoted estimate of the autoprotolysis constant, viz., 
Ky = (H,SO,*)[HSO,~) ~ 600017 g.-mol.* kg.-* 


From these values one can compute, for instance, that a 0115 molal solution of ammonium 
hydrogen disulphate (cf. Table II, top line) is 0-030 molal with respect to hydrogen sulphate ion, 
and that, in consequence, the total concentration of surviving autoprotolytic ions is 0-012 molal, 
i.¢., enough to lower the freezing point by 0°07 A further small correction of 0°01° has to be 
made in respect of the self-dehydration ions. The depression due to self-dissociation ions at 
the other investigated concentrations of ammonium hydrogen disulphate are similarly 
calculated, and, by subtracting the derived values from the depressions AQ’, the corrected 
depressions AO’, listed in Table II, are obtained, which are attributable entirely to the added 
solute 

From the depressions A®’ and A6”’’, the v-factors for ammonium hydrogen disulphate, v’ and 
» respectively, have been calculated, using equation (4) of Part I (/., 1950, 2473), with the 
values, v, = 2, 5, 1, and m, « 0, substituted in the nearly-unit correction factor. The 
substitution «, 1 assumes the solvation number of ammonium hydrogen disulphate to be the 
same as that of ammonium hydrogen sulphate, namely, one (Part I, Joc. cif.) 

Both sets of v-factor are given in Table II, because the v” values are, in principle at least, 
and probably in practice, over-corrected, though it is difficult to estimate the error. The 
reason for the error ts that the solutions must contain, besides such hydrogen sulphate ion as is 
derived from the solvolysis of the hydrogen disulphate ion, some additional hydrogen sulphate 
ton arising from the formation and partial solvolysis of the anions of the higher polysulphuric 
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acids, a matter which is next to be considered. This extra hydrogen sulphate ion will reduce 
the concentration of surviving autoprotolytic ions, thus rendering our correction too large. 

At the lowest concentrations of ammonium hydrogen disulphate the v-factors rise above 2, 
thus indicating a certain amount of solvolysis of the anion. At the higher concentrations, 
however, the v-factors fall below 2, and we have to consider the significance of this effect. It 
cannot be due to electrostatic non-ideality, because such effects have been shown to be negligible 
by means of a comparison of non-electrolytic and electrolytic solutions (Part I, J., 1950, 2473) ; 
and non-ideality effects due to solvation have already been taken into account. Therefore it 
must be concluded that the low v-values are real, and that, in the more concentrated solutions, 
each molecule of ammonium hydrogen disulphate actually does produce an average of less than 
two solute particles. Since it is not conceivable that the ammonium ion undergoes any change, 
we have to accept the alternative that two or more hydrogen disulphate ions interact in some 
way to give a more complex multiple charged ion, perhaps together with a solvent molecule. 
The simplest possibility involves the transfer of a sulphur trioxide molecule from one hydrogen 
disulphate ion to another, followed by the transfer of a proton from the formed hydrogen 
trisulphate ion (which is expected to be an acid of considerable strength—<cf. Section 1.2 to 
the basic hydrogen sulphate ion : 

2HS,0,- = HS,0,,~- + HSO,- - 
HS,0,,~ + HSO,- = $,0,--+H,s0, | 
Any incompleteness in the second stage of this process constitutes a solvolysis of the trisulphate 
ion, with the formation of such extra hydrogen sulphate ion as that to which reference was 
made above in connexion with the probable over-correction of the freezing points for the 
suppression of solvent dissociation. 

The next simplest possibility involves the formation of the ions of tetrasulphuric acid 
from three hydrogen disulphate ions : 

3HS,0,- = HS,O,,~ — 2HSO,~ 
HS,0,,~ + HSO,- = S,0,,-~ + H,S0, 


Further condensations after this pattern are in principle possible. We cannot yet analyse the 
processes in detail, but we must, for reasons based on the mass law, expect all such equilibria 
to shift in the direction favouring anions of higher polysulphuric acids as the stoicheiometric 
concentration of ammonium hydrogen disulphate is increased. Furthermore, we must expect, 
not only on account of the mass law which alone would require the result, but also because 
higher polysulphuric acids should be stronger acids than lower, especially with respect to second 
stages of dissociation, that there will be a general shift towards doubly charged anions as the 
stoicheiometric concentration of the amonium salt is increased. This, then, is the qualitative 
interpretation of the observed fall in the v-factors with increasing concentrations of the salt. 

We can now proceed to the evaluation of the solvolysis constant of the hydrogen disulphate 
ion. From the above discussion it is clear that, if we could employ v” values for such low 
concentrations that trisulphates and higher polysulphate were completely absent, we could 
determine the solvolysis constant from the ordinary mass-law expression, which can thus be 
written in the form of a limit, as follows, ®, being simply an abbreviation for the explicit 
function on the right : 


. \%) 


K,(HS,0,~) = Lim (®,) = Lim {{v — 2)*Am/(3 — ») 
dm Amo 


In this formula v” is a function of Am, the molality of the ammonium hydrogen disulphate ; 
and it rises to 3 as Am approaches zero, independently of any effect due to higher polysulphuric 
acids. Thus v” is not a suitable quantity for extrapolation to low concentrations on the basis of 
the data of Table II. Even the expression ®, is not convenient for extrapolation, owing to the 
strong variation in this function, which is caused by the disturbance due to the higher acids. 
However, we can derive an expression more suitable for extrapolation by enquiring in what 
form the deviation of the function from constancy should first appear when, on proceeding from 
very dilute towards slightly more concentrated solutions, the ions of the higher polysulphuric 
acids begin to be formed. 

The first disturbance to v", which should arise from the formation of the higher acids, has 
reference to the equilibrium 

2HS,0,~ ~ $,0,~~ + H,SO, 


the constant of which, (S,O,.~~)/[HS,O,~-}, we will call «. Supposing the conversion to be 
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small, the fraction of ammonium hydrogen disulphate converted into the doubly charged ion 
will be 2aAm, and this will be equal to twice that lowering of v” which results from the 
establishment of the equilibrium. Hence the initial deviation of ®, is to be corrected by 


simply adding aim tov’. Accordingly, we may set up the following more general expression 
for the solvolysis constant 


K,(HS,0,-) — Lim (®,) ~ Lim {(r" + adm — 2)*Am/(3 — 9” — adm) 
Am oe Smee 


With a correct choice of a, the genalised function ®, should remain constant up to concentrations 
at which either the conversion into the trisulphate ion is no longer small, or the formation of the 
tetrasulphate ion is beginning to become important. All choices of a should lead to the same 
limit, provided that the function varies slowly enough at low concentrations to be extrapolated. 
In Table III values of ®, are given which are calculated from the data of Table II for three 
different choices of a. All three functions, despite their strong divergence at the higher 
concentrations, extrapolate to the same low-concentration limit of 1@A, =< 8-0 g.-mol. kg.-. 


Taste III. 
Values of ©, leading to the solvolysis constant of the hydrogen disulphate ion. 

Am , : * 10°%,,. 10%, 10%,, 
115 2 
Olea 
0-158 


0 168 
0-202 


Obviously the equilibrium constant a is in the neighbourhood of 0°8 g.-mol.-'kg. This means 
that, in a 01 molal solution of ammonium hydrogen disulphate, about 14% of the salt is 
converted into 7 mols. % of ammonium trisulphate. 

(2.2) Initial Effect of Ammonium Sulphate on the Freezing Point of Oleum.—The presence 
of higher polysulphate ions in solutions of ammonium hydrogen disulphate implies the presence, 
along with disulphuric acid, of higher polysulphuric acids in oleum; for the production, by the 
addition of ammonium sulphate to oleum, of the various anions represented in equations (8) and 
(9), can evidently be represented as a progressive removal of protons, by the basic hydrogen 
sulphate ion, from molecules of the appropriate polysulphuric acids, ¢.g., 


H,5,0,, + HSO,~ = HS,0,,- + H,SO, | 


10 
HS,0,,- + HSO,- = S,0,,-- + H,SO, a) 


The anions being present, these equilibria must be set up, and hence the acids must be present, 
jonised or otherwise; for the question of the extent to which the anions are solvolysed is just 
that of the extent to which the acids are ionised 

These higher polysulphuric acids must participate in equilibria such as the following : 


2H,5,0, ~ H,5,0O, + HSO, | 


. . > (il) 
3H,5,0, ~ H,5,0,, + 2H,SO, | 


On aceount of the mass law, such equilibria must shift in the direction favouring higher 
polysulphuric acids in stronger oleums 

It is possible on these ground to understand the peculiar effect of small amounts of added 
ammonium sulphate on the freezing points of oleums of different strengths. Reference to 
Fig. 1 (p. 2521) shows that all the ammonium sulphate curves start towards the left with a 
smaller downward slope than that which they acquire after a considerable quantity of ammonium 
sulphate has been added; and also that this reduced initial downward slope becomes still smaller 
as the strength of the original oleum becomes greater, even changing sign in the example of the 
strongest of the oleums, the ammonium sulphate curve for which mses initially. 

The interpretation is as follows. We assume it to be a sufficient description of the limiting 
situation in very dilute oleum that only disulphuric acid and its ions are present. In this case 
the first effect of added ammonium sulphate will be to destroy the cation of the ionised acid, and 
thus to replace it by ammonium ion; and then, in order to restore the ionic equilibrium, some 
more molecular disulphuric acid will become ionised, a process which will increase the number 
of solute particles. In more concentrated oleum, a certain amount of trisulphuric acid will be 
present; and, as this is expected to be a stronger acid than disulphuric acid, it will tend to be 
destroyed first by the basic hydrogen sulphate ion. The effect of added ammonium sulphate 
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on trisulphuric acid and its ions will be exactly as described for disulphuric acid, except that 
the loss of molecular trisulphuric acid by the tonisation, which it undergoes in order to replace 
its destroyed cation, will be restored from the pool of disulphuric acid, in accordance with the 
first of equations (11). This last step involves a disappearance of solute particles, and all the 
steps together lead to a reduced increase, up to the limit of no net change in the total number 
of solute particles. Thus, if the first-added ammonium sulphate should act only on the 
trisulphuric acid, the freezing-point curve would start horizontally, acquiring its normal down- 
ward slope at a later stage, when the trisulphuric acid had been “ neutralised" and only 
disulphuric acid remained in a free condition. In this way we can qualitatively account for all 
the mentioned effects, except the initial rise of the freezing-point curve which is observed in 
the case of the strongest of the oleums. An actual rise in the curve cannot be explained by any 
of the possible reactions of trisulphuric acid. 

However, we may suppose that the most concentrated of the oleums wil! contain appreciable 
amounts of tetrasulphuric acid; and that this, as the strongest acid present, will tend to be 
destroyed first by added ammonium sulphate. The mechanism of its destruction will be just as 
for trisulphuric acid, except that, since the last step is the restoration of molecular tetrasulphuric 
acid according to the second of equations (11) the loss of solute particles in this step will be 
twice as great as before. The over-all effect of the neutralisation of tetrasulphuric acid can 
therefore be to reduce the number of solute particles, and thus to produce an initially rising 
freezing-point curve. Tetrasulphuric acid is the lowest polysulphuric acid that can produce this 
effect, the observation of which provides clear evidence of the existence of the acid. 

The presence of these higher acids in oleum makes it necessary to reconsider the provisional 
estimate given in Part II (/., 1950, 2493) of the acidity constant K, of disulphuric acid. The 
estimation was based on the measured v-factors of the acid, the excess of v over unity being 
ascribed to the first stage of ionisation of the acid. However, the formation and ionisation of 
the higher polysulphuric acids must disturb both the factors v and the derived constant K, 
The observed increase of K, with increase of concentration (cf. Part II, Table V) indicates 
that the effect of the higher polysulphuric acids is to increase v, and therefore to increase the 
apparent K, of disulphuric acid. This seems very reasonable; for the higher polysulphuric 
acids are likely to be stronger acids than disulphuric acid in both stages of ionisation, but 
especially in the second stage; and therefore the higher acids might be almost completely 
ionised as to the first stage, and largely ionised with respect to the second, when disulphuric acid 
is still only partly ionised with respect to the first stage. One way of eliminating the disturbing 
effect of the higher acids would be to extrapolate the apparent K, of disulphuric acid to the 
limit of low oleum concentrations, ien to the limit of low proportions of the higher poly-acids 
among the total poly-acids. The mean “ apparent” K,, called K,’, was given in Part II as 
0-028 g.-mol. kg.-'. It is possible to make an extrapolation of the kind suggested on the basis 
of the data of which a sample is recorded in Part II. The result is to show that the true K, of 
disulphuric acid is in the neighbourhood of 0-020 g.-mol. kg.-*. Confirmation of this value will 
be offered in Section 4.1. 

(2.3) Effect of Ammonium Sulphate on the Freezing Point of Solutions of Ammonium 
Hydrogen Disulphate.—-We proceed now to the discussion of the slopes at the other ends of the 
freezing-point curves for added ammonium sulphate. Three of these curves (Expts. No. 10, 
104, and 105) have been carried over to the basic side of the neutral line (cf. Fig. 1, p. 2621). On 
the neutral line the composition is that of a solution of ammonium hydrogen disulphate in 
sulphuric acid. At points to the left the composition may be expressed in terms of the 
concentration of the basic solute, ammonium hydrogen sulphate, which has been introduced 
into the solution of the “ neutral ”’ salt. 

The freezing points of the most basic solutions measured in these experiments, together with 
the derived freezing-point depressions, and v-factors, are given in Table IV. The depressions, 
6’, are calculated with reference to the freezing point, 10°62°, which pure sulphuric acid would 
have if it were not self-dissociated. The correction of these depressions to allow for residual 
solvent dissociation was made as is described in connexion with Table II. The corrected 
values are calied A6”. The v-factors are calculated by means of equation (4) of Part I (/., 1950, 
2473), with the insertion s, = 1, v, = 2, and m, = 0, in the correction factor, the first of these 
substitutions taking account of the solvation of the ammonium salts (cf. Part I). These 
v-factors, called v” in the Table, refer to total solutes, ammonium hydrogen disulphate and 
ammonium hydrogen sulphate. For comparison, Table IV contains the values of v for 
ammonium hydrogen disulphate alone, as measured in solutions which are the same except for 
the absence of the excess of ammonium hydrogen sulphate (cf. Table I). 
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Taste IV 


Freezing pownts of solutions of mixtures of ammonium hydrogen disulphate and ammonium 
hydrogen sulphate 
Depressiwa Molahities 





Expt — — e . Overall ⸗ 
ho *¢.) ar ar AmHS,0,. AmHSO,. Total AmHS,0O, 
los 27" 2“, . 0-231 
106 2-92 20 . 0-258 
lo aa? 345 : 0-322 


In Section 2.1 it was shown that the v-factor for ammonium hydrogen disulphate arises 
partly from its ionisation, which alone would give the value 2, partly from the accompanying 
solvolysis of the hydrogen disulphate ion, which tends to raise the value, and partly from the 
simultaneous conversion into higher polysulphate ions, which tends to reduce the figure 
Table IV shows that the addition of ammonium hydrogen sulphate considerably reduces the 
over-all v-value, and this must mean that the bydrogen sulphate ion combines with the hydrogen 
disulphate ion, or with its conversion products, in some way which reduces the total number of 
solute particles. The possibilities are all of one type, viz 


Hs i + HS,0,~ = SO," > + HS . 
HSO,- + HS,0,,~ ο. 
HSO,- + H5,0,,~ "3Va— " 7 HY * 

A further indication of the extent to which such processes take place may be obtained by 
computing the v-factors for the last increment of ammonium hydrogen sulphate, employing 
for the purpose the observations on the two most basic solutions used in each experiment. The 
results of these calculations are in Table V. The correction for the decrease of residual self- 
dissociation is here only approximate, and hence v is given to two figures only 


Taste V 


Value ( the v-factor for ammonium hydrogen sulphate in solutions of this salt and of ammonium 

hydrogen disulphate in sulphuric acid 

Molalities 
* — . Am , 

A@ (corr AmHS,0O, AmHSO, AmHSO, AmHSO, 
0-0665 
00-1004 
0-0303 
00-0638 
00-0630 
0- 1020 





0-158 00349 


00335 


0-220 00-0300 


It is immediately apparent that a large proportion, ¢.g., one-half, of the increment of hydrogen 
sulphate ions becomes consumed in the reactions represented by equations (12). The most 
interesting point, however, is that not nearly the whole of the hydrogen sulphate ion is thus 
consumed. We expect theoretically (Section 1.2) that the hydrogen trisulphate and higher 
hydrogen polysulphate ions are rather strong acids, and we have experimental indications 
Section 2) that this isso. It is therefore likely that these ions, HS,O,,~, HS,O,,~, etc., would 
vield up their protons rather completely to the basic hydrogen sulphate ion in the reactions 
indicated by equations (12). Indeed, it seems probable that they will have largely done so, 
before the introduction of the particular increment of hydrogen sulphate ion under consideration 
Therefore the fact that this increment is only partly destroyed must mean that the next acid 
from which it could obtain protons, viz., the hydrogen disulphate ion, HS,O,~, which will still 
be present in substantial quantity, is a very weak acid 
his conclusion is confirmed in Section 3.1; and it agrees with the assumption, made at 
the outset of Section 2.1, that, since the hydrogen disulphate ion transfers protons only in a 
limited way to the basic hydrogen sulphate ion, it will be unable to transfer them to sulphuric 
acid molecules to any extent of which count need be taken in relation to the totality of proton 
transfers occurring on the acid side of the neutral line of Fig. 1. This conclusion is otherwise 
expressed by the statement that the second dissociation constant of disulphuric acid is much 
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smaller than the first—in contrast to the situation apparently obtaining in the higher poly- 
sulphuric acids (cf. Section 1.2). 





(3) Effect of Water on the Freezing Points of Solutions of A Sulphate in Oleums 
Reactions involved in the Titration of Olewm Solutions with W ater. 


(3.1) Effect of Water on the Freezing Points of Solutions of Ammonium Sulphate in Olewms.— 
When successive amounts of water are added to a solution having the composition of a solution 
of ammonium hydrogen disulphate in sulphuric acid, the freezing point at first rises, then passes 
through a maximum, and then descends. Let us first consider the initial rise in the freezing 
point, ¢.g., the section a—d of the curve of Expt. No. 106, shown in Fig. 1. 

At a, on the neutral line, the solute has the composition of ammonium hydrogen disulphate. 
We should expect the added water to replace the hydrogen disulphate ion by the hydrogen 
sulphate ion, a process which should not change the freezing point : 


HS,0,~ + H,O « HSO,- + H,SO, (13) 


However, at 4, as we have seen, the v-factor rises above 2-00, essentially owing to solvolysis of 
the hydrogen disulphate ion : 


HS,O,~ + H,SO, ~ H,S,0, + HSO,~ (ta) 


Nevertheless, the precise value of v is affected by two disturbances, one due to incomplete 
repression of the autoprotolysis of the solvent, and the other due to the formation of some 
trisulphate, or other higher polysulphate, anions. The water added, and the hydrogen sulphate 
ion formed from it, should diminish both disturbances; and, what is more important, it should 
considerably repress the main reaction (14). Essentially on this last account the v-factor should 
fall, and the freezing point should rise. 

At the freezing-point maximum }, it may be assumed that the solvolytic reaction (14) has 
been completely repressed, and that disulphuric acid molecules are absent. Since the only 
solutes should now be ammonium hydrogen disulphate and ammonium hydrogen sulphate, the 
v-factor should have fallen to 200. Actually the freezing point rises higher than would 
be calculated on this basis, the v-factor having fallen to 1°95; and still smaller v-factors are 
obtained from the measurements on the more concentrated solutions used in the other 
experiments on the effect of added water. This is indicated in Table VI, the v-factors in which 
are calculated from freezing-point depressions reckoned with reference to the theoretical 
freezing point of non-dissociated sulphuric acid, 10°62°, and then corrected as usual for residual 
sel{-dissociation. 


Taste VI 


Values of the v-factor at the maximum freezing point obtained by adding water to solutions of 
ammonium sulphate in oleums 
F. p. (* c.) 
923 
8.20 
6-52 


* Molality of ammonium ion, or eguivalent-molality of total singly and doubly charged anions 


These reductions in the v-factors must mean that ammonium hydrogen disulphate and 
ammonium hydrogen sulphate are not the only solutes at the freezing-point maximum; and, 
indeed, that these substances have interacted, to produce a net loss of solute particles, as was 
discussed in Section 2.3 

HS,0,- + HSO,- « S,0,-~ + H,SO, 15) 


Since the hydrogen sulphate ion is the strongest base that can occur in quantity in solvent 
sulphuric acid, the circumstance that, in the presence of approximately equivalent amounts of 
the two ions, reaction (15) does not go nearly to completion is a clear indication of the weakness 
of the hydrogen disulphate ion as an acid in this solvent. 

The decrease of the v-factor from 1°95 to 1°75 with increasing concentration is too great to 
be attributed solely to a mass-action effect on equilibrium (15), and it must therefore indicate 
the presence of higher polysulphate ions in these solutions. It has been shown that, at the 
neutral line, the more concentrated solutions contain considerable amounts of singly and doubly 
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charged higher polysulphate ions: added water will desulphate these according to reactions, 
such as (16), which do not change the freezing point : 
HS,0,.~” + H,O — HS,0,- + H,SO, 4 
$,0,,"~ + H,O = $,0,-- + H,SO, 
HS,0,,~ + H,O « HS,0,,~ + H,SO, 
80,4"" + H,O « 5,0,°°- + H,SO, 


Reference to Fig. 1 will show that the rise in freezing point from the neutral line to the maximum, 
on adding water, is relatively small in the most concentrated solution; and this indicates that 
the reactions occurring on the addition of water are, in fact, mainly (13) and (16). However, 
the large fall of v-factor with increasing concentration indicates that reactions (16) are not 
complete at the maximum, and that these solutions contain, therefore, in addition to the 
hydrogen disulphate and normal disulphate ions, a certain quantity of doubly charged higher 
polysulphate ions 

If one continues to add water, passing beyond the freezing-point maximum until a point is 
reached, such as ¢ in Fig. 1, at which the total amount of added water is stoicheiometrically 
sufficient to complete reaction (13), then disulphuric acid and both its anions should have been 
destroyed, as well as all higher polysulphuric acids and their anions. Thus the only surviving 
solute should be ammonium hydrogen sulphate; and now the v-factor really should be 2-00. 

The result of this test is givenin Table VII. The freezing-point depressions Af’ are calculated 
with reference to the theoretical freezing point, 10°62°, of the non-dissociated solvent. The 
depressions A” are corrected as usual for the repression of solvent dissociation. The resulting 
»values are labelled v’. They are equivalent to a confirmation of the value, 10°52°, deduced in 
Part I (/., 1960, 2473) for the freezing point of self-dehydrated, but not autoprotolysed sulphuric 
acid. In these solutions, and especially in the more concentrated ones, the solvent is very 
approximately in this condition. If we calculate that solvent freezing point from which 
depressions should be reckoned in order that they shall give a value of exactly 2°00 to the 
v-factor of ammonium hydrogen sulphate, the results are 10°53°, 10°51°, and 10°52° for Expts. 
No. 106, 12, and 11, respectively (mean 10°52°). 


(16) 


Taste VII 
Freezing pownts and v-factors of solutions of ammonium hydrogen sulphate. 


Expt. no F. p. ("c.) Molality. Me 4 . 
106 #16 OLS 1-95 

12 sow 0-202 2-53 3-43 201 

i oe 0-389 : 200 


If one still continues to add water, thus passing beyond points such as c, for which the solute 
is ammonium hydrogen sulphate, the freezing-point curves descend rapidly. This is because 
the extra water becomes ionised according to the equation 


H,O + H,SO, « H,O* + HSO,- (17) 


As is established in Part II (J., 1950, 2493) reaction (17) is not quite complete, being governed by 
a definite equilibrium constant 

In two experiments the measurements were made by which v-factors can be calculated for 
an increment of added water over a part of the freezing-point curve lying wholly beyond the 
point for which the solute is ammonium hydrogen sulphate. Even in these solutions ionic self- 
dehydration and autoprotolysis of the solvent are not fully repressed, and a correction for the 
further repression effected by the increments of water is applied in reckoning the freezing-point 
depressions due to the water. The derived v-factors for the increments of water are given in the 
penultimate column of Table VIII. They ought to be equal to those v-factors for water in the 
presence of hydrogen sulphate ions, which can be calculated from the basicity constant for 
water, as determined in Part II, by the methods (if they are still accurate at the highest of 
the concentrations now employed) already illustrated in other connexions in Part III (J., 1950, 
2504). The v-factors thus computed are entered in the last column of Table VIII. 

(3.2) Reactions involved in the Titration of Oleuwm Solutions with Water —Brand (J., 1946, 
585, 880) has developed a method for the estimation of the stoicheiometric concentration of 
sulphur trioxide in solvent sulphuric acid by titration with water until, under specified conditions 








[1950] Cryoscopic Measurements in Sulphuric Acid. Part 1V. 


Tastx VIII. 
Values of the v-factor for water im the presence of ammonium hydrogen sulphate. 
Molalities. » (H,O). 
Expt. no. F.p.(*c.). A (corr). AmHSO,. H,0. 4m (H,0O). Found. 
106 (i oss = nas SRR owao Le 
12 7-877 


Lay 0-605 0-202 oo, 0-088 1 
and at a stated temperature, fuming ceases to be visible; and he has applied this technique in 
order to determine the extent to which certain substances, when dissolved in olegm, reduce the 
amount of sulphur trioxide which can be titrated in this way. Potassium hydrogen sulphate 
was found to reduce the titratable sulphur trioxide by 05 mol. per mol. of added salt; and 
other solutes were found to reduce the sulphur trioxide by amounts, which accorded with their 
known modes of ionisation, if the assumption was made that each mol. of formed hydrogen 
sulphate ion always removed 0-5 mol. of sulphur trioxide. Brand pointed out that fuming must 
indicate the presence of non-ionised disulphuric acid; and he offered a hypothesis which 
attributes stoicheiometric significance to the factor 0-5, the suggestion being that molecular 
disulphuric acid is not wholly destroyed until the second stage of its ionic dissociation, as well 
as the first, is substantially complete, two hydrogen sulphate ions being required for each 
molecule of disulphuric acid thus converted : 
H,S,0, + 2HSO,~ « S,0,-- + 2H,80, (18) 


The hypothesis would imply that the acidity of the hydrogen disulphate ion is not much less 
than that of the disulphuric acid molecule, contrary to conclusions reached in Sections 2.3 
and 3.1. 

Let us consider what happens when, say, potassium hydrogen sulphate is added to an oleum, 
and the excess of sulphur trioxide is titrated with water. For simplicity in a 
description, we shall ignore the formation of any polysulphates more complex than disulphates. 
The potassium hydrogen sulphate can be regarded as being first converted into potassium 
hydrogen disulphate; and, if the stoicheiometric excess of sulphur trioxide is removed by the 
addition of water, the total solute will then have the composition of potassium hydrogen 
disulphate. However, the solution will still contain a substantial proportion of molecular 
disulphuric acid, and therefore will still fume, because of the incompleteness of the first stage of 
ionisation of disulphuric acid, or, in other words, because of the proved solvolysis (Section 2.1) 
of the hydrogen disulphate ion in the following balanced reaction : 


H,S,0, + HSO,- = HS,0,- + H,S0, . (19) 


Therefore more water must be added to stop fuming; and, since we have the relation [H,S,0,) = 
K,{HS,0,-}/[HSO,-}, with K, = 0-008 molal, an upper limit can be set to the amount of extra 
water needed. It cannot be as much as would convert all the hydrogen disulphate ion into 
hydrogen sulphate ion, and thus reduce the ratio [HS,O,~}/[HSO,~) to zero; for that would 
imply a titration technique of infinite sensitivity. Brand's results mean that fuming ceases 
to be visible, under his conditions, when enough extra water has been added to convert about 
one-half of the hydrogen disulphate ion into hydrogen sulphate ion, thus reducing the ratio 
{HS,O,~}/[HSO,-} to about unity, and therefore the concentration of molecular disulphuric 
acid to about 0°008 mol. 

It will be noted that the above description does not assume that the hydrogen disulphate 
and hydrogen sulphate ions must necessarily be produced in equal amounts because in order 
to stop fuming they have to undergo the completed reaction 

HS,0,- + HSO,- = 5,0,-~ + H,SO, . - (30) 

a process which, with (19), constitutes Brand's reaction (18). The interpretation based on the 
solvolysis of the hydrogen disulphate ion makes the factor 0°5 a chance result, dependent on the 
magnitude of the solvolysis constant in relation to the sensitivity of the titration method under 
the conditions (particularly the temperature) chosen for its operation. This does not imply 
that reaction (20) does not proceed at all; it was shown in Section 3.1 that it does take place 
to a limited extent. But the occurrence of any substantial solvolysis according to equation 
(19)—and it was shown in Section 2.1 that such solvolysis is substantial—is enough to destroy 
the stoicheiometric significance of the factor 0°65. 
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A very slight extension of the discussion already given of Expts. No. 11, 12, and 106 
establishes these conclusions. At point 4 in Fig. 1, some molecular disulphuric acid is present, 
and this is why the poimt lies as low as it does; but towards b the disulphuric acid becomes 
consumed by the increasing concentration of hydrogen sulphate ions, and so the freezing point 
rises. At the freezing-point maximum 6, the molecular disulphuric acid should have been 
destroyed; and at this point the composition corresponds approximately (but not exactly) to 
equivalent proportions of ammonium hydrogen sulphate and ammonium hydrogen disulphate, 
and therefore to the end-point of the water titration. The datum which shows quite clearly 
that, at and near the freezing-point maximum }, and therefore at the end-point of the water 
titration, the solute is not normal ammonium disulphate, formed in a completed reaction (20), 
is that the v-factor is not 1°56. It is 195; and the defect below 2:00 measures the degree of 
incursion of reaction (20) 

The neglect of the higher polysulphates in this discussion is probably justified for dilute 
solutions, such as apply to Expt. 106, but not for the more concentrated solutions, ¢.¢., of 
Expt. 11. The relatively small rise in the freezing point that occurs on the addition of water 
to more concentrated solutions of ammonium hydrogen disulphate has been explained in 
Section 3.1 as being due to the occurrence of reactions (13) and (16). It was also pointed out 
that the higher polysulphate ions, originally present at the neutral line, are not completel, 
destroyed by the addition of an amount of water sefficient to reach the freezing-point maximum 
(or the end-point of the water titration). Again, therefore, we find a fortuitous situation, 
inasmuch as the values of the various equilibrium constants, determining the relative amounts of 
polysulphate ions and non-ionised disulphuric acid, are such that the amount of non-ionised 
disulphuric acid is reduced to a quantity less than can be detected by the fuming property 
i¢., less than 0008 molal) in a solution containing approximately equal concentrations of 
hydrogen sulphate and hydrogen disulphate ions 


4) Further Comments on the Species present in Sulphuric Acid and in Dilute Oleum. 


4.1) The Self-dissociation Equilibria of Sulphuric Acid.—The present analysis of the 
dissociation equilibria of sulphuric acid is dependent on our being able to estimate three 
quantities, wiz, the total concentration of the dissociation products, the solvolysis constant of 
the hydrogen disulphate ion, and the acidity constant of disulphuric acid. These quantities 
have to be combined in the following way. Since the product of the acidity constant of any 
acid and the solvolysis constant of the corresponding anion in any solvent, will always give the 
autoprotolysis constant of the solvent, the acidity constant of disulphuric acid, and the solvolysis 
onstant of the hydrogen disulphate ion, in sulphuric acid, will allow us to compute the 
sutoprotolysis constant of sulphuric acid. Thus one can obtain the concentrations of each of 
he autoprotolytic ions; and, in so far as it may be found that these concentrations are not 
great enough to make up the estimated concentration of total dissociation products, a balance 
vill remain which can be assigned to the products of the ionic self-dehydration 

The total concentration of dissociation products is the best known of the three required 
juantities. It was determined in Part II to be 0°043 molal, i.¢., enough to lower the freezing 
point of the solvent by 026° 

In consequence of the work described in Section 2.1, the value of the solvolysis constant of 
the hydrogen disulphate ion is taken to be as follows 


K,(HS,0, « (H,S,0,)/HSO,~) "HS,0,- 00080 ¢ -mol. kg ~* 


From this value of Ky, and the acidity constant of disulphuric acid, as deduced in Section 2.2 
of this paper, on the basis of work reported in Part II, viz., 


KL H,S,0, H,SO,*)/HS,0,~) (H,S,0,) « 0-020 g.-mol. kg.“ 


the ionic product for autoprotolysis may be calculated. From this, and the total concentration 
of dissociation products, one may compute the ionic product for self-dehydration. The results 
are as follows 

Ky H,SO,*)/HSO,~) = 000016 g.-mol.* kg. 

Ky H,0*) /HS,0,~ 6-00008 ¢ -mol.* kg.* 


These values agree closely with those, noted in Section 1.1 of this paper, which were derived 
from data given in Parts I and II 

4.2) Collateral Evidence of the Existence of Higher Polysulphuric Acids.—In this paper the 
existence has been indicated of a number of polysulphuric acids higher than disulphuric acid; 
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and specific evidence has been presented that at least tnsulphunc acid and tetrasulphuric acid 


accompanying paper (/., . . It therefore seems natural to consider whether 
any collateral evidence of the existence of these higher acids can be obtained, either from the 
isolation of salts or derivatives, or from the proved existence of analogously constituted acids. 

When alkali-metal sulphates are heated with sulphur trioxide at temperatures between 100° 
and 300°, and the excess of sulphur trioxide is distilled off, a stable solid remains, which is 
invariably found to be the disulphate, M,S,O,. This might mean only that the metallic 
trisulphates and tetrasulphates are unstable to heat, and not that they cannot exist at any 
temperature. 

On the other hand, it is certain that both nitrosonium and nitronium salts, not only of 
disulphuric acid, but also of some of the higher polysulphuric acids, can be prepared 
Nitrosonium disulphate, (NO),S,O,, is well known. When heated, it begins to decompose at 
about 100°, giving off oxides of nitrogen; and near 300° the material boils, and a white solid 
collects on the cooler surfaces. There has been some dispute about the composition of this 
solid. According to Jones, Price, and Webb (/., 1929, 312) it has the composition 2N,0,,5S0, 
as a molecular formula this seems unlikely; but it might indicate a mixture of the 
disulphate with the trisulphate, (NO),S,0,.. However, according to Manchot and Schmidt 
(Ber., 1929, 62, 126), the white solid has the composition of nitrosonium tetrasulphate, 
(NO),S,O,,. What seems clear is that the material possesses a higher itrog: ’ 
than does the original disulphate, and that therefore :t probably contains a higher polysulphate 
The evidence concerning nitronium salts is more definite. In an accompanying paper, Goddard, 
Hughes, and Ingold describe both of the nitronium disulphates, (NOJHS,OF and (NO,),5,0, 
They also describe nitronium trisulphate, (NO,),5S,0,., which they found to be stable up to 
temperatures above 100°. They attempted, but failed, to prepare nitronium tetrasulphate. 

Next, by arguments of analogy, the thesis may be developed that the tendency to the 
formation of higher poly-acids H,O(XO,),, which is so marked a feature of the chemistry of 
molybdenum and tungsten, is already developed to some extent in that of sulphur, and that the 
phenomenon can be traced back through the chemistry of the intermediate elements, selenium 
and chromium, as well as, in the other direction, to that of uranium. 

Diselenic acid, H,Se,O,, has never been prepared, presumably because selenium trioxide is 
very difficult to prepare, and has never been obtained in a state of purity. However, Goddard, 
Hughes, and Ingold showed (loc. cit.) that nitronium salts of diselenic acid exist, (NO,)HSe,O,, 
or (NO,),Se,0,, or both, although, here again, they were not able to obtain a pure individual 
Meyer and Stateczny (Z. anorg. Chem., 1922, 121, 1) studied the phase diagram of the system 
H,SeO,-SO,, and observed the formation of two stable solid compounds, selenatosulphuric 
acid, H,SSeO,, and selenatodisulphuric acid, H,S,SeO,,. The latter is clearly an analogue of 
trisulphuric acid. Although the authors do not mention the point, their freezing-point curve 
suggests the existence of a third compound, probably selenatotrisulphuric acid, H,S,SeO,,, the 
analogue of tetrasulphuric acid. Selenatosulphuric acid melts at 6°6°, and selenatodisulphuric 
acid at 20°; both compounds fume in air. Salts of selenatosulphuric acid have been prepared, 
but not salts of selenatodisulphuric acid. 

Neither dichromic acid, H,Cr,O,, nor any of the higher polychromic acids, have yet been 
prepared in the pure condition, owing to their tendency towards self-dehydration. But the salts, 
M,Cr,O,, of dichromic acid are familiar substances, and a number of metallic trichromates and 
tetrachromates, M,Cr,O,, and M,Cr,O,,, are known. On the other hand, two hetero-di-acids 
containing chromium have been obtained, not only as salts, but also in the free state. They 
are chromatosulphuric acid, and chromatoselenic acid, H,SCrO, and H,SeCrO, (Gilbert, 
Buckley, and Masson, J]., 1922, 121, 1934; Meyer and Statezcny, loc. cit.) 

It would thus appear that the present work extends to sulphur a property which is somewhat 
general in the chemistry of Group VI elements 
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501. Cryoscopic Measurements in Sulphuric Acid. Part V. Ionisation 
of Nitric Acid in Sulphuric Oleum. 
By R. J. Gusespm and J. Granam. 


When nitric acid ts added in increasing quantities to oleum, the freezing point behaves as is 
shown in Fig. 1, p. 2634. The freezing points of the original oleums lie on the curve limiting 
the diagram towards the right. The “point curves for added nitric acid run towards 
the left, rising, passing through maxima, and then falling with increasing gradient. 

The main reactions, 7 from proton-transfers, are as follows : first, nitric acid desalphates 
half the disulphuric acid, producing essentially nitropium hydrogen disulphate 


HNO, + 2H,5,0, « NO,* + HS,O,- + 2H,SO, 


and then, it desulphates the remainder, now present mainly as the hydrogen disulphate ion, to 
give nitronium hydrogen sulphate 


HNO, + HS,0,- « NO,* + 2HS0, 


The accompanying proton-transfer processes are as follows. Initially the disulpharic acid 
is partly toned as an acid. The first effect of the developing hydrogen disulphate ion is to 
suppress this ionisation thus the maximum of the freezing-poimt curve is reached. Then, as 
the free disulphuric acid becomes consamed, the hydrogen disulphate ton undergoes some 
solvolysis: here the freezing point begins to fall. At a later stage, the developing hydrogen 
sulphate ion partly deprotonates the bydrogen disulphate ion, to form some normal disulphate 
son, which is the last form in which disalphuric acid resists desulphation . these processes steepen 
the fall of the freezing point 

Accompanying this main series of desulphation and deprotonation processes, a minor 
series must occur, consisting of the desulphation and deprotonation of the small amounts of 
higher polysulphuric acids originally present in the oleum. 

The »-tactors of nitronium hydrogen disulphate and of nitronium hydrogen sulphate are 
extracted from the results. They agree well with the r-factors of ammonium hydrogen di- 
sulphate and ammonium hydrogen sulphate, respectively. The result for nitronium hydrogen 
sulphate confirms the analysis, given in Part IV, of the self-dissociation processes of sulphuric 
acid : 


(1) Preliminary Consideration of the lonisation of Nitric Acid im Dilute Oleum.—The work to 
be reported has reference to the effect of added nitric acid on the freezing points of oleum 
solvents. It therefore extends the experiments described in Part III (J., 1950, 2504) on the 
effect of nitric acid on the freezing point of shghtly aqueous sulphuric acid. These experiments 
showed that nitric acid ionises in solvent sulphuric acid according to the following approximate 
equation 

HNO, + 2H,SO, « NO,* + H,O* + 2HSO,~ (1) 


The same work also showed that a more exact treatment of this process required separate 
consideration of the following reaction-stages, of which the first proceeds to completion in a 
large excess of sulphuric acid, whilst the second is appreciably incomplete : 


HNO, + H,SO, = NO,* + HSO,- + H,O 
H,O + H,SO, « H,O* + HSO,~ 


A detailed study of the second of these reactions, in the absence of the complicating presence 
of the first, was described in Part HI (J., 1950, 2493), where the equilibrium constant of the 
process was determined, which was applied in Part III in a quantitative interpretation of 
freezing- point measurements on the basis of equations (2). 

It was shown in Part II, and in more detail in Part IV (/., 1950, 2516), that dilute oleum 
can be regarded essentially as a solution, in the sulphuric acid solvent, of disulphuric acid, 
which is an acid of moderate strength, partly ionising according to the equation 


H,S,0, + H,SO, « HS,O,~ + H,SO,* 3) 


Two of the products of the first of reactions (2) are expected to interact with disulphuric acid 
for water will desulphate the acid; and the hydrogen sulphate ion, which is the strongest base 
that can exist in quantity in solvent sulphuric acid, will deprotonate it 

H,O 4 H,S,0, 2H,S0, 


HSO,” + H,5,0, H,SO, Hs,0,- 


It follows that in oleum solvents the primary ionisation process of nitric acid, represented 











'1950} Cryoscopic Measurements in Sulphuric Acid. Part V. 2533 


by the first of reactions (2), will be succeeded, not by the second of reactions (2), but by the two 
reactions (4). The over-all effect may be expressed thus ; 


HNO, + 2H,S,0, = NO,* + HS,0,- 4+ 2H,80, . . (5) 


However, this again is only an approximate expression. The nitronium and hydrogen 
disulphate ions are quite inert towards each other, as is shown by the formation and stability 
of solid nitronium hydrogen disulphate (Goddard, Hughes, and Ingold, /., 1950, paper no. 505) ; 
and the nitronium ion is quite stable in sulphuric acid (Part III). But the hydrogen disulphate ion 
is not inert towards sulphuric acid, by which it is reversibly solvolysed, as was shown in Part IV. 
In other words, of the two reactions (4), the first may be taken as complete, while the second 
is often a measurably balanced reaction. It is thus convenient to decompose equation (6) 
into the following two stages, of which the first is complete, whilst the second may be appreciably 
incomplete : 

HNO, + H,S,0, = NO,* + HSO,- + H,SO, ) 2 
HSO,- + H,S,0, « H,SO, + HS,0,~ . 


A study of the reversibility of the second of these reactions, in the absence of complications due 
to the first, was recorded in Part IV (Joc. cit.), where an equilibrium constant for the reaction 
is given, which should be applicable in a quantitative interpretation of relevant freezing-point 
data on the basis of equations (6). 

Even this description of the ionisation processes of nitric acid in oleum is not complete, 
inasmuch as account has still to be taken of the formation and ionisation of the higher poly- 
sulphuric acids, which, except in very dilute oleum, are present in appreciable proportion 
(Part IV). It seems certain that the higher polysulphuric acids are stronger acids than di- 
sulphuric acid, especially with respect to the second stage of acid dissociation; and thus the 
higher acids tend, much more than does disulphuric acid, to enter into a second stage of ionis- 
ation. It follows that added bases will tend to deprotonate the higher polysulphuric acids in 
preference to disulphuric acid, and will begin to produce from the former appreciable proportions 
of doubly charged higher pulysulphate ions, while they are simultaneously producing from 
disulphuric acid mainly the singly charged hydrogen disulphate ion. Effects on the freezing 
point, due to the shifting of this system of equilibria, under the influence of added ammonium 
sulphate caused by base-forming solute, are described in Part IV, and are available for comparison 
with the analogous effects of the bases which are produced in the ionisation of nitric acid by the 
reactions already mentioned. 

(2) Effect of Nitric Acid on the Freezing Point of Oleum.—This has been investigated by the 
general methods described in previous Parts of this series. The results of two experiments are 
reported in Table 1. They are graphically represented in Fig. 1. In the table and the figure 


Taste I 
Freezing points of solutions of nitric acid in dilute oleum 
Weights (g Weights (g.) 


— 








‘Added " Molality F ‘Added ” Molality 
HNO,. H,S,0,. H,SO, H,5,0, HNO, H,S,0, H,SO, H,S,0, *c.). 
Expt. No. 13 G. Expt. No. 4G 

— O-2545 5-633 — 63 64 0 2350 8-762 
60-0043 2 . 0-2078 8771 0-1585 6413 O11 5 O81 
0-1109 : 0- 1538 & 002 0. 1809 64.47 00014 eon! 
92244 555 67-19 00-0462 5004 01543 6405 4240 9 OR? 

(NO,)(HSO). (NO,)(HSO,). 

63112 ; 67-49 0- 1008 8543 o17l4 0.000 65.10 0.0597 8 853 
0.15906 - “ 1750 8-063 
0-0787 * * 06-2128 7-197 
O1115 oe o 0-2654 7-328 


compositions are expressed as follows. The original oleum is regarded as a solution of disulphuric 
acid in sulphuric acid. Assuming the original presence of 1 mol. of disulphuric acid, solutions 
formed by the addition of quantities up to 0°5 mol. of nitric acid are treated as solutions of 
disulphuric acid, and of nitronium hydrogen disulphate formed from nitric acid and disulpburic 
acid by the completed reaction (5). According to this assumption, when exactly 0°5 mol. of 
nitric acid has been added, the disulphuric acid will have been destroyed, and the only solute 
component will be nitronium hydrogen disulphate. Any further quantities of nitric acid, up 
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to a second 06 mol., are now assumed, for the purpose of expressing compositions, to react 
according to the following equation with the bydrogen disulphate ion which was formed from 
the first 0°6 mol. : 
HNO, + HS,0,~ « NO,* + 2HSO,- Nice (7 

This means that, during the addition of the second 05 mol. of nitric acid, composition is given 
in terms of the two solutes, nitronium hydrogen disulphate and nitronium hydrogen sulphate , 
and that when the second 05 mol. has been fully added, the solution contains only the one 
solute component, viz., nitronium hydrogen sulphate. In the figure, the central vertical line 
(neutral line) represents compositions expressible in terms of nitronium hydrogen disulphate 
as the only solute. If we start with | mol. of disulphuric acid at some point on the nearly 
linear curve which slopes downward on the right-hand side of the diagram, then the addition 


Fic. | 
breesimg Points of solutions of mitric acted im oleum solvents 


an. <2. 
* 





L Expt 146 
Z- 6 














4 i 
63 02 or 
Molalty NOyHSO, Molaisty H,S,0, 


of 05 mol. of nitric acid, producing 0°6 mol. of nitronium hydrogen disulphate, carries us left- 
ward to the neutral line, whilst the addition of another 0°5 mol. of nitric acid converts this 
nitronium hydrogen disulphate into 1 mol. of nitronium hydrogen sulphate, thereby taking us 
an equa! distance to the left of the neutral line 

(3) Qualitative Interpretation of the Freezing-point Curves.—As will be seen from Fig. 1, the 
first effect of added nitric acid on the freezing point of oleum is to raise it. Now if the total 
solute in the original oleum were undissociated disulphuric acid, and if equation (5) were 
accurately to represent the stoicheiometry of the reactions undergone by nitric acid, then the 
freezing point would not be changed; for according to equation (5), two original solute molecules 
become replaced by two ions, The evident reason why the freezing point is raised by nitric 
acid is that the original disulphuric acid is considerably ionised according to equation (3), so 
that the loss of two stoicheiometric molecules of disulphuric acid involves the loss of more than 
two solute particles. There can be no doubt about the applicability of equation (5) in this 
region of composition; for disulphuric acid is still in large excess, and hence there can be no 
appreciable solvolysis of the hydrogen disulphate ion. When solvolysis does occur, each anion 
solvolysed produces one extra solute particle; and thus solvolysis tends to lower the freezing 
point 
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As the addition of nitric acid is continued, but before the composition has been shifted 
quite as far as corresponds to the neutral line of Fig. 1, the freezing point approaches a some- 
what flat maximum. The reason is that, in this region of composition, the large amount of 
hydrogen disulphate ion now present suppresses the ionisation of the small amount of di- 
sulphuric acid still remaining ; this residue of substantially non-ionised disulphuric acid under- 
goes conversion, as we have seen, without change of freezing point. 

The maximum is attained, and passed, a little before the neutral line, i¢., a little before 
the solute composition is exactly that of nitronium hydrogen disulphate, because, when only 
a very small amount of free disulphuric acid remains, the solvolysis of the hydrogen disulphate 
ion begins to become appreciable; and the effect of that process, as has been noted, is to lower 
the freezing point. 

At the neutral line, the composition of the solute can be expressed in terms of nitronium 
hydrogen disulphate as the only component; but owing to the solvolysis of this anion some 
nitronium hydrogen sulphate is present, and some free disulphuric acid still survives. The 
effect of added nitric acid on the freezing point is therefore a mixture of two effects, viz., a 
decomposition of practically undissociated disulphuric acid, according to equation (5), without 
change in the number of solute particles, and a decomposition of the hydrogen disulphate ion, 
according to equation (7), with an increase in the number of solute particles. Therefore the 
freezing-point curve for added nitric acid in this region of composition slopes downward with 
only a moderate gradient. 

As the addition of nitric acid is continued further, the last of the free disulphuric acid 
disappears, and the freezing-point curve falls more rapidly. The rough reason for this is that 
each added molecule of nitric acid is now producing two solute particles in accordance with 
equation (7). However, this is an inadequate description. Even when the free disulphuric 
acid has disappeared, the freezing point does not immediately begin to fall as rapidly as 
equation (7) would suggest. This is because, during the stage in which a good deal of hydrogen 
disulphate ion has not yet been desulphated by reaction (7), but a considerable concentration 
of hydrogen sulphate ion has nevertheless been built up, these two ions interact reversibly 
as follows : 

HSO,- + HS,O,~ «= H,SO,¢+5,0,-- ... . ; (8) 


the basic hydrogen sulphate ion inducing a second stage of ionisation of the very weakly acidic 
hydrogen disulphate ion. The effect of this equilibrium is that, over the first region of com- 
position that is traversed after the free disulphuric acid is destroyed, each added molecule of 
nitric acid will produce between one and two extra solute particles. The total reaction can 
be represented as a mixture of reaction (9), which produces one extra solute particle, and 
reaction (7) which produces two : 


HNO, + 2HS,O,- = NO,* + S,0,-- + HSO + HO, . . . (9) 


In the next region of composition, when a large proportion of the hydrogen disulphate ion 
has been destroyed by processes (7) and (9), but most of the doubly charged disulphate ion 
has not yet been desulphated, the freezing-point curve will fall more rapidly than equation (7) 
would require. This is because desulphation of the normal disulphate ion sets in. Each 
molecule of added nitric acid then produces between two and three additional solute particles. 
The total! reaction can be represented as a mixture of process (10), which gives three extra solute 
particles, and process (7) which produces two : 


HNO, + S,0,-~ + H,SO, = NO,* + 3HSO,~ ne . (0 


Thus, as we pass towards the left from the neutral line in Fig. 1, by the progressive addition 
of nitric acid, the descending freezing-point curve steepens in a continuous manner 

When the amount of added nitric acid is sufficient to displace the solute composition just 
as far to the left of the neutral line as it started in the original oleum to the right of the neutral 
line, then disulphuric acid, in its molecular form and both its anionic forms, will have been 
fully destroyed (except for the very small amounts arising by self-dissociation of the sulphuric 
acid solvent). The solute composition will now be that of nitronium hydrogen sulphate; and 
furthermore, this salt will be substantially the only solute actually present in the dilute solution 

If still further amounts of nitric acid are added, the freezing-point curve continues to 
descend. We expect this, even though there can be no reaction between the solute nitronium 
hydrogen sulphate and the newly added nitric acid. We also expect the slope of the freezing- 
point curve to be somewhat steeper than before. For each added molecule of nitric acid will 
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now ionise by reaction with the sulphuric acid solvent, and will therefore produce an average 
of nearly four extra solute particles, as is described in detail in Part III. 

Part of the above description becomes quantitatively changed when we take into account 
the presence, ionisation, and desulphation of the higher polysulphuric acids (Part IV). In 
comparison with disulphuric acid, these higher acids are more easily sonised, and their ionisation 
tends more to proceed to a second stage; and they are also more easily desulphated than is 
disulphuric acid. Both the ionisations and the desulphations will be promoted by the basic 
materials which arise from the decompositions of the added nitric acid. These processes will 
have some effect, for instance, on the position of the freezing-point maximum, and on the 
position of the point at which the freezing-point curve cuts the neutral line. However, owing 
to the large tendency of the higher acids to desulphation, all these disturbances will diminish 
as one passes towards the left in Fig. 1. Furthermore, since the total destruction of the higher 
acids must precede that of disulphuric acid, the said disturbances must completely vanish 
well before that composition is reached at which even disulphuric acid, in ali its forms, is 
practically completely absent, 1 ¢., the point at which the solute is nitronium hydrogen sulphate. 

(4) The »Factors of Nitromium Hydrogen Disulphale-—We proceed to check this inter- 
pretation quantitatively for certain specific compositions, first taking compositions represented 

by points on the neutral line, on which the total solute 
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can be referred to the single component, nitronium 
hydrogen disulphate 

If no solute were present except nitronium hydrogen 
disulphate, the v-factor at this composition would be 2. 
However, two disturbances combine to render the value 
not exactly equal to 2. First, some solvolysis of the 
hydrogen disulphate ion tends to raise the figure. Secondly, 
the formation of a certain quantity of doubly charged 
higher polysulphate ions tends to lower the figure. This 
second effect becomes more important in more concen- 
trated solutions, and hence the v-factor, although it is 
greater than 2 in dilute solution, will fall as the concen- 
tration is increased. 

The combined effect of these disturbances was analysed 
in some detail in Part IV, in connexion with the v-factors 
of ammonium hydrogen disulphate; and the solvolysis 
constant of the hydrogen disulphate ion, as well as an 
equilibrium constant connected with the formation of 
higher polysulphates, were extracted from the results 
This case parallels the present example so closely that we 
may expect the freezing point of a solution of nitronium 
hydrogen disulphate to be practically the same as that of 
an equimolal solution of ammonium hydrogen disulphate ; 
for the disturbances mentioned are both independent of 
the cation. Therefore one of the simplest tests that we 


can make of the preceding interpretation is to ascertain whether the freezing points of solutions 
of nitronium hydrogen disulphate, as given by the intersections of our freezing-point curves with 
the neutral line of Fig. 1, lie on a smooth curve drawn through the freezing points of solutions 


of ammonium hydrogen disulphate, as determined in Part IV 


This test is shown in Fig. 2 


The data required for it are given in columns 3 and 4 of Table II 


Freezing-point depressions and v-factors for mitrommum hydrogen disulphate 
with similar values for ammonium hydrogen disulphate.* 
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The last four columns in Table II are concerned with the calculation and comparison of 
v-factors. Freezing-point depressions A’ are given, which are reckoned from the theoretical 
freezing point, 10°62°, of undissociated sulphuric acid. Some self-dissociation of the solvent 
contributes to these depressions. A correction for this effect having been applied, as described 
in Part IV, the corrected depressions 40” are listed. 

The v-factors which are calculated from the uncorrected depressions are given as v’, whilst 
those which are computed from the corrected depressions are termed v”. In these calculations 
it has been assumed that the solvation number of nitronium hydrogen disulphate is the same 
as that of nitronium hydrogen sulphate, viz., 2 to the nearest unit, as given in Part III, just as 
the solvation number of ammonium hydrogen disulphate was taken in Part IV to be the same 
as that of ammonium hydrogen sulphate, viz., 1, as found in Part I. It will be noted that the 
v-factors of nitronium hydrogen disulphate interpolate themselves quite smoothly amongst the 
corresponding values of ammonium hydrogen disulphate 

The quantitative success of these tests shows that we were correct, not only in regarding 
equation (5) as a good approximate expression of the ionisation of nitric acid in oleum, but also 
in suggesting that more detailed specification of the process which involved assuming the first 
of equations (6) to be complete, and the second to lack completeness only on account of causes 
which have nothing to do necessarily with nitric acid, and only to extents which can be 
quantitatively estimated from independent studies of the equilibria involved. 

(5) The »-Factor of Nitronium Hydrogen Sulphate.—When 1 mol. of nitric acid has been 
added for each 1 mol. of disulphuric acid in the original oleum, the only solute present should 
be nitronium hydrogen sulphate. The v-factor should therefore be 200. All such disturbances 
as are discussed in the preceding Section are absent. 

From the graph of Expt. 13 G (cf. Fig. 1) it can be read that the freezing point of a 02545 
mola! solution of nitronium hydrogen sulphate in sulphuric acid is 742°. We have to consider 
to what extent the self-dissociation of the solvent is involved in this result. The ionic self- 
dehydration will not have been affected, and therefore the solvent freezing point from which 
the freezing-point depression due to the added solute should be computed is 10°62", as was 
shown in Parts I and IV. . The autoprotolysis of the solvent is not quite completely repressed, 
and 001° must be subtracted from the observed depression in order to allow for this, From 
the corrected depression, we may calculate the v-factor of nitronium hydrogen sulphate, exactly 
as described for the v-factor of ammonium hydrogen sulphate in Part IV, except that in the 
present case the solvation number 2 is used, in accordance with the decision reached in Part III 
concerning the solvation of the nitronium ion. The computed v-factor for the nitronium salt 
is 1°99, in good agreement with expectation, again confirming the estimated freezing point, 
10°52°, of the non-autoprotolysed solvent. 


Wiiuam Ramsay axp Ratrn Forster Laporarortes, 
University Cottece, Lonpox, W.C.1 (Received, December 17th, 1949.) 


502. Cryoscopic Measurements in Sulphuric Acid. Part VI. The 
Solutes Nitronium Perchlorate and Ammonium Perchlorate. The 
Basicity of the Perchlorate Ion and the Acidity of Perchloric Acid. 
Notes on the Strengths of Some Oxy-acids. 


By R. J. Gritespie. 


Nitronium lorate and ammonium perchlorate in solvent sulphuric ac . oats 
voly: 


freezing-point ms which show that the anion of these salts is largely sol to free 
perchloric acid. Perchloric acid is thus a very weak acid in sulphuric acid. Its acidity 
constant is deduced, as well as the solvolysis constant of the perchlorate ion 

Disulphuric acid was shown to be an acid of medium strength in sulphuric acid (Part IV). 
Thus disulphuric acid, perchloric acid, and sulphuric acid form a widely acidity series, 
similar to acetic acid, phenol, and water, though on a displaced scale. It might have been 
expected, on the basis of known rules concerning the strengths of inorganic oxy-acids, that 
disulphuric acid would ve to be a much stronger acid than perchloric acid. It is ae 
that the stabilisation of oxy-anions, relatively to the acids, by mesomeric c 


among — atoms having partial double bonds, is a prime factor determining the —J 
of oxy-acids 





(1) The v-Factors of Nitr and A ] Perchlorate —In an accompanying paper 
(J., 1950, paper no. 605) Goddard, Hughes, and Ingold describe the preparation of a number of 
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crystalline nitronium salts. The first of these to be isolated in a pure state was nitronium per- 
chlorate; and, when it was originally obtained, it was felt to be important to confirm that it had 
the expected ionic constitution. As regards the solid compound, the required evidence was 
provided by Dr. D. J. Millen by the method of Raman spectroscopy (Nature, 1946, 158, 480; cf. 
J ., 1950, paper no. 509); and since then a complete X-ray analysis has been carried through by 
Professor E. G. Cox, Dr. G. A. Jeffery, and Mrs. M. R. Trater (Nature, 1945, 162, 159). The 
author undertook to study the compound in solution in sulphuric acid, and in particular to 
ascertain whether, in such solutions, the solute is dissociated into its ions. The results were 
somewhat unexpected, and it therefore proved necessary to examine nitronium perchlorate and 
a well-known ionic perchlorate in parallel. 

The first cryoscopic measurements on solutions of nitronium perchlorate in sulphuric acid 
revealed that this solute was producing approximately a three-fold, rather than a two-fold 
depression of the freezing point of the solvent. This suggested that, contrary to one’s 
preconceptions, perchloric acid is so weak an acid that its salt was being nearly completely 
solvolysed. 

In order to be certain that the observed effect was not a special property of the nitronium 
compound, but was really due to solvolysis of the perchlorate ion, some similar cryoscopic 
measurements were made with ammonium perchlorate as the solute. This salt also gave an 
approximately three-fold depression of the freezing point, in confirmation of the previous 
indication 

The incidental observation was made that dilute (say 0-05 molal) solutions of either nitronium 
perchlorate or ammonium perchlorate in sulphuric acid fume in ordinary air. This happens 
even when the solvent sulphuric acid has been pre-treated with a small amount (say 0°05 molal) of 
water, and so it cannot be due to an escape of sulphur trioxide from the solution. It is assumed 
to be due to the escape of perchloric acid, and thus to indicate the presence of the free acid in 
solution 

The freezing points of solutions of perchloric acid in sulphuric acid have been measured, 
though somewhat approximately, by Robles and Moles (Anal. Fis. Quim., 1934, 32,474). They 
observed depressions corresponding to a normal molecular weight, and this is consistent with 
the conclusion that perchloric acid is ionised only to a very small extent in sulphuric acid. 

On this evidence it is presumed that the reactions which take place on the dissolution of 
nitroniam and ammonium perchlorates in sulphuric acid can be approximately represented as 
follows 

NCIO, + H,SO, « NO, + HClO, + HSO,~ 
NH,C1O, + H,SO, ~ NH,* + HCIO, + HSO,- 


Accordingly, the v-factors for each solute were calculated from the observed freezing-point 
depressions, using equation (5) of Part I, and substituting, in the first instance, s, 1 and 
v, « 3 in the nearly-unit correction factor. This preliminary calculation made it obvious that 
the true v-factors would prove to be a little less than 3 

The whole procedure was then refined by making allowance for the known disturbances. 
The first of these is ion solvation. It has been concluded already that nitronium and ammonium 
hydrogen sulphates have solvation numbers of approximately 2 and 1, respectively (cf. Parts I 
and III); and hence we should substitute s, =~ 3 in the case of nitronium perchlorate, and 
s, @ 2 in that of ammonium perchlorate, instead of s, — 1, in the nearly-unit correction factor 
in equation (5) of Part I 

The second disturbance relates to the effect of the hydrogen sulphate ion, which is produced 
by the solvolysis of the perchlorates, first in repressing the ionisation of the pre-treatment water, 
and secondly in repressing the residual autoprotolysis of the solvent sulphuric acid. These 
effects make the apparent freezing-point depressions (49), given by the added perchlorate, too 
small. A correction for this was calculated by a method of cyclic approximation. Initially 
the solvolysis of the perchlorate ion was taken to be complete, and, using the autoprotolysis 
constant of sulphuric acid, and the data given in Part II for the degree of ionisation of water, 
an approximate correction to the observed freezing-point depression was calculated. From 
this, an approximate v-factor was computed, which was then used in order to calculate a better 
approximation to the quantity of hydrogen sulphate ion which is formed by solvolysis of the 
perchlorate ion, and hence to calculate a better approximation to the correction to be applied 
to the observed freezing-point depressions. From the corrected depression (46’), an improved 
v-factor was calculated using the appropriate form of equation (5) of Part I. The results of the 
measurements, and the final values of the v-factors calculated from them, are in Table I. 
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Taste I. 
Freezing points of solutions of perchiovates in sulphuric acid, 
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(2) The Solvolysis (or Basicity) Constant of the Perchiorate Ion.—-The result that the v-lactors 
for nitronium and ammonium perchlorate are not exactly equal to 3 means that the chemical 
equations written above do not accurately represent the stoicheiometry of the processes which 
take place when the salts are dissolved in the solvent. It means, in short, that the solvolytic 
process 

clo, + H,SO, == HCO, + HSO,- 
is appreciably incomplete. 

We can employ the determined v-factors in order to compute the equilibrium constant for 
this solvolytic reaction—in other words, the constant which represents the basic strength of the 
perchlorate ion. The derived values are highly sensitive to experimental error, because they * 
depend essentially on the small differences between v and 3; but the calcuation has been made, 
using the data for ammonium perchlorate, which are slightly better than those obtained for the 
nitronium salt. The results are given in Table IT. 

The solvolysis constant being defined by the equation 


XGOS = (HOO S(HSO,~) (C10) 


with the concentration expressed in molalities, K, has been computed from the cryoscopic 
results by means of the equation 


Ky = {(v — 2)*Am, + (» — 2)m)/(3 — v) 


where Am, is the molality of the salt, and m, is that of the hydrogen sulphate ion produced from 
the water with which the solvent was pre-treated. The concentration m, was computed from 
the data given in Part II for the degree of ionisation of water in sulphuric acid, due allowance 
being made for the effect of the presence of extraneous hydrogen sulphate ions, which in this 
case was that produced by solvolysis of the perchlorate ion; and the concentration of this 
hydrogen sulphate ion was calculated, with sufficient accuracy to provide a starting point for 


the calculation of m,, simply from the concentration of added perchlorate and the observed 
v-factor 


Tapsie Il 
Solvolysis of ammomum perchlorate in sulphuric acid (Expt. 31). 
Am, *. XCO.) — XCO. 
0-00696, O-O720 2- 1-88 006405 


0.03055 00-0703 2-0! 2- 0-07907 
(04526 0-0697 : 0.08800 


Adopting the value X,(ClO,~) — 17 g.-mol. kg.~*, and reversing the process of calculation, 
theoretical curves have been constructed for the depression of the freezing point of sulphuric 
acid by ammonium perchlorate. Such a curve, drawn for the case in which the solvent has 
been pre-treated with water in 0°075 molal concentration, is shown in Fig. 1, in association with 
the experimental points for nitronium and ammonium perchlorates. 

(3) The Acidity Constant of Perchloric Acid.—From the value K,(ClO,~) = 1°7 g.-mol. kg.-* 
for the solvolysis constant of the perchlorate ion, and the figure deduced in Part IV (/,, 
1950, 2516) for the autoprotolysis constant of sulphuric acid, K,, = (H,SO,*)[HSO,”) = 


en 
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17 = 10* g-mol* kg.*, one can calculate the acid dissociation constant of perchloric acid in 
sulphuric acid. We have 
rH,S0,* K,»(H,SO,) 
Rito = 10 x 10 g-mol. kg 


K (HOO, — “as Oe 
‘ . “ 


(4) Note on the Acidities of Oxy-acids.—In Parts LI and IV (J., 1950, 2493, 2516) the first 
dissociation constant of disulphuric acid was found to be K,(H,S,O,) = 0020 g.-mol. kg". The 
value now obtained for the dissociation constant of perchloric acid is K,(HCIO,) ⸗ 0-00010 
g.-mol. kg~*. Thus, in sulphuric acid as solvent, disulphuric acid is a much stronger acid than 
is perchloric acid 

Fis. | 
Theoretical curve (Ky = 1-7) for the depresssen of the freezing point of sulphuric acid by sonising 
perchlorates. 
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Now although perchloric acid has long been regarded as the strongest known acid, it could 
have been deduced, from certain proposed relationships between the aqueous ionisation 
constants of inorganic oxy-acids, that disulphuric acid would be stronger. Kossiakoff and 
Harker (/. Amer. Chem. Soc., 1938, 60, 2047) calculated the aqueous ionisation constants of a 
number of inorganic oxy-acids on the basis of the assumption that all the acids possess single- 
bonded octet structures, and that differences of acidity can be attributed to differences of the 
electrostatic energy of removal of the proton from the acid to the surrounding water. This 
method has been criticised by Ricci (ibid, 1048, 70, 109), who has shown that the aqueous 
PX values of oxy-acids H,XO,, of any total charge, are given to the same order of accuracy, 
viz, to about one pX unit, by the purely empirical equation, pK « 8 — 9m + 4n, where m is 
the formal positive charge on the central atom, X, and » = 6 — a is the number of formal 
negative charges carried by the oxygen atoms, and the word “ formal "" means computed for the 
equal sharing of electron-duplets in single-bonded octet structures. He has applied this formula 
with similar success to complex acids, such as diphosphoric acid, H,P,O,, by treating the central 
group, POP in this case, as a “ compound atom " X in the formula H,XO,. Pauling (“ General 
Chemistry,"’ Freeman, San Francisco, 1947, p. 394) has also given rules for the evaluation of 
approximate aqueous ionisation constants of inorganic oxy-acids XO,(OH),: the first 
rule states that successive ionisation constants, A,, K,, K, .. . stand in the ratio 
1: 10%: lo , and the second rule is that first ionisation constants are given 
approximately by the formula pX, ~ 7 — Sn 

Assuming that these rules and methods have a certain validity for very strong acids (for 
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which they cannot directly be tested), we may compute theoretical aqueous pX values for 
acids such as sulphuric and perchloric acids; and we may even include disulphuric acid in the 
treatment by adopting Ricci’s device of regarding the central group, here SOS, as the compound 
atom X. The results of these calculations are in Table III. 


Taste III. 
Calculated aqueous PK values of some strong acids. 
H,5,0, : 


Method. 
Kossiakoff and Harker . 


~13 


Thus it appears that, so far as first ionisations are concerned, disulphuric acid, perchloric 
acid, and sulphuric acid form a widely-spaced series in order of decreasing acidity, com 
though on a displaced scale, to the series acetic acid (pA 5), phenol, (pK 10), and water (pX 16). 
Perhaps, therefore, one should have expected that disulphuric acid would be a somewhat weak 
acid, and perchloric acid a very weak acid, in solvent sulphuric acid, just as acetic acid is a 
somewhat weak acid, and phenol a very weak acid, in solvent water. It does not seem to have 
been established (or even, as far as is known, suggested) before that disulphuric acid is in 
principle a much stronger acid than acid. 

The structural basis of the methods of calculation mentioned above has previously received 
a certain amount of discussion. The electrostatic calculations of Kossiakoff and Harker were 
based on single-bonded octet structures. The parameters in Ricci’s equation were related to 
the formal charges of octet structures, though it would be possible to give other structural 
meanings to the same quantities. Pauling stated that his second rule can be understood on the 
basis that the charge on the anion of the acid becomes more divided, and therefore less potent 
in attracting the hydrogen ion, the larger the value of ». However, this idea seems hardly 
consistent with his view (op. cit., p. 163) that the most important of the structures of the 
oxy-acids are the octet structures, in which every single-bonded, non-hydroxyl, oxygen atom 
carries a formal negative charge. 

Hunter, Phillips, and Sutton (J., 1945, 146) have presented a strong case in favour of the 
view that, in compounds such as oxy-acids, the oxygen atoms, which in octet formula would 
be singly-bonded and have formal negative charges, are more correctly represented as doubly- 
bonded and without formal charges, as in classical chemical formula. It is possible with the 
aid of such doubly-bonded structures to understand how the oxy-acids fall into distinct groups 
with respect to their dissociation constants, as is illustrated in Table IV; for the larger the 
number of double bonds, the more the total charge can become distributed in the mesomeric 
anion, thus increasing its relative stability. In the Table, the recorded pX values are taken 


Taare IV. 
Classification of aqueous ionisation constants of imorgamic oxy-acids. 
Group 1. Group 2. 
X(OM), (very weak acids). XO(OH), (weak acids). 
px, (1). pX, (1/2). pk, (2/3). 
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XO,(O), (strong acids). X0O,(ON), (very strong acids). 
pK, (1/3). pK, 1/3). pK, (1/4). 


— eo 
ecuetusete~ 


— 20 
0-8 
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from lists given by Rice: and Pauling, and, as an indication of the degree of distmbution of the 
anionic charge, 4 figure is given, against each heading “ pX," which is the value im electronic 
units of the charge carried by one oxygen atom. 

Obviously factors other than charge distribution among atoms enter into the determination 
of pK values. The effect of the electronegativity of the central atom is clearly seen in a series 
such as CI(OH), Br(OH), I(OH), or SO(OH),, SeO(OH),, TeO(OH),. It is to induced electro- 
negativity, i.¢., to the inductive effect of an acy! group introduced in place of hydrogen, that 
one attributes the greater strengths of poly-acids than of their parents, as is illustrated by the 
comparison of diphosphoric acid, pX, « 0°9, with phosphoric acid, pX, =< 2:1, or of disulphuric 
acid with sulphuric acid as discussed above 
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503. Cryoscopic Measurements in Sulphuric Acid. Part VII. The 
Basicity of Nitro-compounds, Sulphonyl Compounds, and Sulphuryl 
Compounds in Sulphuric Acid. 

By R. J. Girespte. 


It is shown, by measurement of the freezing points of solutions in sulphuric acid, that 
nitro-compounds jionise as bases in that solvent. The basicity constants are determined for 
nitromethane, nitrobenzene, the p-methy!l and m-ammonium substitution products of nitro- 
benzene, and for 2:4: 6-trinitrotoluene. The proportions in which these compounds are 
ionised in 0-1 molal solution in anhydrous sulphuric acid at its freezing point range from about 
oh Os trinitrotoluene) to about 70% (p-nitrotoluene). 

y same method, it is shown that phonic acid and p-toluenesulphonic acid, 
as well as dipheny! sulphone, are likewise considerably ionised as bases in sulphuric acid. The 
basicity constants of these solutes are determined. A similar study of the solute ethyi alcohol 
indicates that it is converted substan quantitatively into ethylsulphuric acid (ethy! 
hydrogen sulphate), which is also appreciably ionised 

Constitutional effects on basicity are considered. Reference is made to the bearing of this 
form of tonisation on the kinetics of aromatic nitration in sulphuric acid, ¢.g., of nitro- 
compounds 


(1) Basicity and Nitration Rate in Sulphuric Acid 


It was recently pointed out (Gillespie and Millen, Quart. Reviews, 1948, 2, 277) that rates of 
nitration in a strongly acidic medium such as sulphuric acid cannot but be dependent on the 
condition of the aromatic compound in such solutions. The great majority of those organic 
compounds that are soluble in sulphuric acid behave as bases in that solvent, taking up a proton 
with conversion into a cation. In this ionisation, an intermediate hydrogen-bond complex is 
often produced in considerable proportion——just as when ammonia functions as a base in water 
(Moore and Winmill) 
B + H,SO, => BHSO,H == BH* + SO,H- 


Having summarised the evidence, largely based on cryoscopic and solubility data, in favour 
of this picture of sulphuric acid solutions, Gillespie and Millen noted that, since the complex 
BHSO,H, and still more, the cation BH", will certainly have a depressed nuclear reactivity 
towards electrophilic reagents, nitration rate would be expected often to depend on the 
surviving proportion of free base B, and on the degree of incompletness of conversion into the 
cation BH They pointed out, further, that this effect could constitute one contributory 
cause of the well-established result that rates of nitration in sulphuric acid are first increased, 
and then decreased, by the progressive addition of water. Although water is a moderately 
strong base in sulphuric acid, it is known that the first 30 mols. per cent. of water do 
not destroy much nitronium jon; and hence one of their main kinetic effects on a nitration 
might be to cause the replacement of a less reactive by a more reactive form of the aromatic 
compound. Illustrations will be given later which show that very small proportions of water 
can cause substantial replacements of this type. Larger amounts of water will have a solvent 
efiect (Gillespie, Hughes, Ingold, Millen, and Reed, Nature, 1949, 163, 599; Hughes, Ingold, and 
Reed, /., 1950, 2400). Large proportions of water will destroy the nitronium ion. 

A quantitative interpretation of the recorded results on the kinetics of nitration in sulphuric 
acid (Martinsen, Z. physital. Chem., 1904, 50, 385; 1907, 59, 605; Klemenc and Schdller, 
Z. amorg. Chem., 1924, 141, 231; Lauer and Oda, J]. pr. Chem., 1936, 144, 176; Oda and Ueda, 
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Bull. Inst. Phys. Chem. Res. Japan, 1941, 90, 335; Lantz, Bull. Soc. chim., 1939, 6, 280 ef seg. ; 
SEE NS EO Se SS eee ee ae areal Bennett, Brand, James, 
i . 1947, 474) would require more knowledge than we yet possess 


conversion into cationic forms in the anhydrous acid. For one ketone, acetone, and one 
carboxylic acid, acetic acid, the substantial completeness of the ionisation was illustrated in 
Part I (J., 1950, 2473). The experiments on anthraquinone and benzoic acid will be published 
later. It will be shown in this paper that nitro-compounds and sulphonic acids also behave as 
bases in sulphuric acid, but weaker ones, undergoing considerable, though only partial, 
conversion into cationic forms 


(2) Basicity of Nitro-compounds in Sulphuric Acid. 

(2.1) Previous Investigations —Hantzsch was the first to show, by cryoscopic and 
conductometric methods, that many organic substances behave as bases when dissolved in 
sulphuric acid (Z. physihal. Chem., 1907, 61, 257; 62, 626; 1908, 65,41. Cf. Oddo and Scandola, 
Gazzetta, 1908, 38, 603; 1909, 39, 1, 569; 1909, 39, II, 1; 1910, 40, 11, 163; Oddo and Casalino, 
ibid., 1917, 47, II, 200, 2321. Cf. also Hantzsch, Ber., 1925, 58,041). He concluded, albeit on 
the basis of a somewhat qualitative investigation, that certain of the solutes he examined, ¢.g., 
ethyl ether, acetophenone, benzoic acid, p-nitroaniline, and 2: 4-dinitroaniline, underwent 
complete ionisation in the solvent : 

B + H,SO, « BH* + HSO,- 
Other solutes, such as dichloroacetic acid and p-nitrotoluene, appeared to be partly ionised. 
Yet others, notably trichloroacetic acid, nitromethane, m-dinitrobenzene, 2 ; 4-dinitromesitylene, 
1: 3: 5-trinitrobenzene, 2: 4: 6-trinitrotoluene, and picric acid, were concluded to dissolve 
without any form of change. The last four of these compounds were employed by Hantzsch 
for his determination of the cryoscopic constant of sulphuric acid 

The conclusion that aromatic polynitro-compounds (except nitroanilines) dissolve as non- 
electrolytes in sulphuric acid has been accepted by all who have since studied the properties of 
that solvent : Oddo and Scandola (Gazzetta, 1918, 48, I1, 17), Hammett and Deyrup (J. Amer. 
Chem. Soc., 1933, 55, 1900), and Robles and Moles (Anal. Fis. Quim., 1934, 32, 474) all employed 
1: 3: 5-trinitrobenzene and picric acid in their experimental determinations of the cryoscopic 
constant of sulphuric acid. 

Hantzsch’s conclusion that p-nitrotoluene is partly ionised in sulphuric acid was indirectly 
confirmed by Treffers and Hammett (J. Amer. Chem. Soc., 1937, 59, 1708), who, in a more 
accurate study of the cryoscopic behaviour of nitrobenzene in sulphuric acid, found that nitro- 
benzene was partly ionised, having a v-factor of about 1:2. 

In the course of their search for compounds which behave as simple bases in sulphuric acid, 
Hammett and Deyrup (loc. cst.) investigated the depressions of freezing point given by a number 
of nitroanilines. o-Nitroaniline, p-chloro-o-nitroaniline, 2 : 4-dichloro-6-nitroaniline, 2 : 4-di- 
nitroaniline, 2 : 6-dinitro-4-methylaniline, 6-bromo-2 : 4-dinitroaniline, 2: 4 : 6-trinitroaniline, 
and 2:4: 6-trinitro-NN-dimethylaniline, all gave v-values of approximately 20. It was 
concluded that they all behaved as simple bases, ionising completely according to the general 
equation given above. 

(2.2) The Solute 2: 4 : 6-Trinitrotoluene.—For the present work, this substance was chosen 
as the representative polynitro-compound. The observed freezing points of its solutions in 
sulphuric acid, containing a small amount of added water, are recorded in Table I. For the 
calculation of v-factors it is a sufficient approximation to employ equation (5) of 
Part I (J., 1950, 2473) with the substitution s, — 1 and v, = | in the nearly-unit correction 
factor. A value of unity is taken for s,, because it is very likely that the non-ionised form of 
this and other nitro-compounds in sulphuric acid is not the free molecule but is a definite 
hydrogen-bonded compound with a molecule of sulphuric acid (cf. p. 2542, and Gillespie and 
Millen, Joc. cit.). The values of the y-factor thus derived are given in Table 1. They indicate 
approximately 9% of ionic dissociation in the range of concentration studied. From the 
figures one may compute the equilibrium constant 


- K,(CJH Me(NO,),) = (C,H,Me(NO,),H*)(HSO,~) /(C,H,Me(NO,),) 
+ 
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representing the basic strength of 2 : 4 ; 6-trinitrotoluene in sulphuric acid. The concentrations 
being expressed in molalities, this constant may be computed by means of the formula 


Ky, = {((» — 1)*Am, + (y — Ime /(2 — ») 


where Am, is the molality of the nitro-compounds and m, that of the hydrogen sulphate ion 
formed from the water present. This latter quantity is easily calculated, as has already been 
outlined in Part I, from the concentration of water m, and its known v-factor. The values of 
Ky are shown in Table I 
Taste I. 
Freezing points of solutions of 2 : 4: 6-trinitrotoluene in sulphuric acid (Expt. 39). 
Molality of 
water (m,) C,H Me(NO,), (Am). F. p. (* c.) J ‘ K, (g.-mol. kg.~). 
0-074 - 9-691 ~ — 
06-0222 o 544 06-0068 
0-0385 9-437 0-0069 
0-05637 9-337 0-007) 
60721 O215 0-0072 
0-0963 9-064 0-0057 
Mean 06-0067 





2:4: 6-Trinitrotoluene is thus a somewhat weak base with A, =— 00067 g.-mol. kg~' in 
sulphuric acid. Although the other polynitro-compounds, which have formerly been claimed to 
dissolve in sulphuric acid without ionisation, have not been re-examined, it cannot be doubted 
that they are all bases of appreciable strength. On theoretical grounds one might expect the 
least basic of them to be | : 3: 5-trinitrobenzene and picric acid; and it happens that these 
compounds were studied by Hammett and Deyrup (loc. cit.). Their freezing-point depressions, 
together with our value of the cryoscopic constant of sulphuric acid, indicate several 
units per cent. of ionisation in the solutions investigated. The data of Hammett and Deyrup 
are not accurate enough to permit the calculation of basicity constants, but such constants 
could be determined by the cryoscopic method. Clearly, polynitro-compounds should not be 
used to determine the cryoscopic constant of sulphuric acid 

(2.3) The Solute m-Nitroaniline—Since two nitro-groups, both m-situated with respect to 
a given nitro-group, do not attract electrons from the latter sufficiently strongly to suppress 
completely its measurably basic behaviour in sulphuric acid, it was to be expected that a single 
m-situated ammonium pole would also be unable fully to suppress similarly manifested basic 
character in the nitro-group. The point has been tested by means of the cryoscopic study, 
recorded in Table LI, of m-nitroaniline in solvent sulphuric acid. The observed freezing-point 
depressions are given under the heading (409,). They have to be corrected, in the manner 
outlined in Part |, for the repression of the ionisation of the water present, and for repression of 
the autoprotolysis of the solvent, by the hydrogen sulphate ion which is formed in the first 
ionisation of the m-nitroaniline. The corrected freezing-point depressions are given in the 
table under the heading (A9,). From these corrected depressions v-factors have been calculated 
by means of the usual equation (Part I) after substitution of s, « 2 and v, = 2. This substitution 
assumes that the m-nitroanilinium ion, like other nitro-compounds, forms a hydrogen-bonded 
compound with one molecule of sulphuric acid. The resulting v-factors show that m-nitro- 
aniline is acting to an appreciable extent as a di-acid base. Values of its second-stage ionisation 
constant, defined by 


Ky(NHyC,HyNO,) « (NH,C,H,NO,HYHSO,-)/(NH,C,HyNO, 
with the concentrations in molalities, and therefore calculated by means of the formula 
Ky? = ((e — 1)(e — DAm, + (» — 2)m)/(3 — v) 


are given in the table. The basic strength of the cation m-NH,°C,H,NO,, evidently exerted 
through its nitro-group, is represented by the basicity constant 0-014 g -mol. kg.-* 

No o or p-nitro-substituted anilines have been investigated in the present work; but 
Hammett and Deyrup concluded (Joc. cif.) that o-nitroaniline and 2 : 4-dinitroaniline, as well 
as several of their substitution products, behave as mono-acid bases in sulphuric acid. This 
interpretation would mean that they are completely converted into anilinium ions, and then, 
having acquired an ammonium pole, become quite incapable of a second stage of ionisation 
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involving proton-uptake by an o- or p-situated nitro-group. Whether or not the separation of 
the stages of ionisation is quite as sharp as this, we should, on theoretical grounds, expect it to 
be substantially sharper for these o- and p-nitro-compounds than for the »-nitro-compound. 
A comparison of Hammett and Deyrup’s results for the o- and p-nitro-compounds with the 
present results for m-nitroaniline suggests that in fact the o- and p-nitro-substituted anilinium 
ions are less basic than is the m-nitroanilinium ion, though the data for the o- and »-compounds 
are not quite precise enough to permit a quantitative assessment of the differences 


Taste Il 
Freezing points of solutions of m-mitr line in sulphuric acid (Expt. 01). 
Molality of Depressions 


c * — Ú — | 
water (m,). m-NOyC,HyNH, (Am,). F.p.("c.). A@, » Factor. X,* (g.-mol. kg.*). 
0-052 — — — — — 
O-01045 ®- 128° #131" 2 08 
0-02536 . ur 0-317 241 
O-O3101 . 0-405 210 
0-03712 #473 210 








Mean 


The reciprocal effect of nitro-groups on an amino-group can be observed: three o and 
p-situated nitro-groups appreciably impede even the first stage of ionisation of an aniline in 
sulphuric acid. 2: 4: 6-Trinitroaniline provides the illustration : for the data which Hammett 
and Deyrup record (/oc. cit.) prove that this base is by no means fully converted into the anilinium 
ion when dissolved in sulphuric acid. This can be shown in two ways. 

First, the v-factor given by Hammett and Deyrup for 2: 4 : 6-trinitroaniline, viz., 1°83, is 
notably lower than those which they obtained for o-nitroaniline, 2 : 4-dinitroaniline, and the 
other nitro-anilines, which were concluded to dissolve as binary electrolytes. It is true that 
the v-factors recorded by these authors are only approximate; but when allowance is made 
for this, it would appear that the real v-factor for 2: 4 : 6-trinitroaniline cannot lie higher than 
about 1-00. That is, the sulphuric acid solutions must contain an amount of the order of 
10% of the free base 

A second method of estimating the incompleteness of the ionisation can be based on the use 
of Hammett’s acidity function H,. Its value for anhydrous sulphuric acid is —10°60. The 
extent to which a base B is converted into its conjugate acid BH* depends only on the strength 
of the base and the acidity function of the solvent, the relation being 


H, = pK + log {(B)/(BH*) 
where the strength of the base is represented by the acidity constant K, of the conjugate acid : 
pK, = —log {(H*)(B) /(BH*)} 
(the parentheses denote activities). The basic strength of 2: 4: 6-trinitroaniline, as deter- 
mined by the indicator method (Hammett and Deyrup, J. Amer. Chem. Soc, 1932, 54, 
2721; Hammett and Paul, idbid., 1934, 56, 827), is given by the value pA, « -—9 29. From 
these figures a can be computed that in fully anhydrous sulphuric acid 2 : 4 : 6-trinitroaniline 
should remain non-ionised to the extent of 5%. For the very slightly aqueous sulphuric acid 
employed in cryoscopic measurements on bases, the proportion of non-ionised amine would be 
greater. For instance, in a solution 0°05 molal with respect to water, and 0°05 molal with 
respect to 2: 4; 6-trinitroaniline the proportion of the latter remaining un-ionised would be 
10%. The two estimates of the incompleteness of the ionisation are thus in satislactory 
agreement. 

(2.4) The Solute Nitrobenzene.—As is noted above, the cryoscopic work of Hantzsch, and 
especially of Hammett, leaves no doubt of the fact that nitrobenzene behaves as a base in 
sulphuric acid. Some new cryoscopic measurements, which are recorded in Table III, were 
carried out with the object of determining, for this parent ar tie nitro-compound, the basic 
strength as defined by the equilibrium constant 


KC.HyNO,) = (C.HyNO,H*)(HSO,~) /[C,H,'NO,) 
the concentrations being as usual in molalities. The observed depressions (46,) have to be 
corrected for the repression of the ionisation of water, and of the autoprotolysis of sulphuric 
acid, by the hydrogen sulphate ion formed by the ionisation of the nitrobenzene. These 
corrected depressions (A6,) were used in order to calculate the v-factors by means of the usual 
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equation with the substitution s, — 1 and v, — 1°3 in the correction factor. The basicity 
constant K, was calculated by using the equation 

KC HyNO,) = (lr 1)*Am, + (» — Im /(2 — v) 
and the values obtained are in the table. It appears that 27%, of nitrobenzene is ionised in a 
01 molal solution in the slightly aqueous sulphuric acid used. From the basicity constant 


K, =~ 029 g.-mol. kg. it can be computed that about 41% of the nitrobenzene would be ionised 
in a 01 molal solution in anhydrous sulphuric acid 


Taste Ill 
Freesing pownts of solutions of nitrobenzene in sulphuric acid (Expt. 41). 


Molality of Depression. 





⸗ * — — 
water (m,). C,HyNO, (Am,).  F. p. | : A, Factor. A. (g.-mol. kg.). 
0059 @87l . a 

00-0426 9 555 o3is° 0019 
ON 9 230 . 0-651 0-028 
1121 9-031 O-853 0-033 
O 13983 & 823 , 1-063 0-033 
© 1685 $658 , 1-200 2s 0-031 


Mean 0-029 


Hammett and Chapman have noted (J. Amer. Chem. Soc., 1934, 56, 1282) that the solubility 
of nitrobenzene in aqueous sulphuric acid becomes suddenly great at sulphuric acid 
concentrations at which the acidity of the medium is still much too small to allow any significant 
amount of conversion of the nitrobenzene into its conjugate acid. They point out that, in order 
to account for the solubility increase, some form of interaction between nitrobenzene and 
sulphuric acid must be assumed, other than an ionising proton-transfer 

A compound, C,HyNO,,H,SO,, having considerable stability, has been described by 
Cherbuliez (Helv. Chim. Acta, 1923, 6, 281) and by Masson (/., 1931, 3200). Its melting point, 
11°6°, is higher than that of either of its components. Masson regarded it as an ionised salt 
However, the cryoscopic data show that, in solution in excess of sulphuric acid, most of it 
remains un-ionised, except at very low concentrations. On these grounds, Gillespie and Millen 
(loc. ost.) have assumed it to be the hydrogen-bonded precursor of the ionised salt, and to be the 
compound whose formation is responsible for the solubility effects studied by Hammett and 
Chapman 

(2.5) The Solute p-Nitrotoluene.—-The introduction of a methyl group in the para-position 
to the nitro-group in nitrobenzene would be expected appreciably to enhance the basicity of this 
nitro-group. p-Nitrotoluene had been investigated by Hantzsch, who concluded that it was 
partly ionised. Some new cryoscopic measurements, which are recorded in Table IV, have now 
been carried out in order to determine the value of its basicity constant, defined by the equation 


Ky(CHyC,HyNO,) = (CHyC,H,NO,H*)(HSO,~) /(CH,C,HyNO,) 


concentrations being as usual in molalities. Calculations of the v-factors, and of Ky, were made 
exactly as for nitrobenzene, and the results arein Table IV. In the nearly-unit correction factor 
f the usual freezing-point equation, the substitutions s, = 1 and v, = 16 were made. It 
appears that about 60%, of the p-nitrotoluene is ionised in a 0°] molal solution in the slightly 
aqueous sulphuric acid used. From the basicity constant, A, — 0°20 g.-mol. kg~', it can be 
calculated that about 73% of the p-nitrotoluene is ionised in a 01 molal solution in anhydrous 
sulphuric acid 


Taste IV 
Freezing points of solutions of p-nitrotoluene in sulphuric acid (Expt. 108) 


Molality of Depressions 
——— ———— —— ——— — — — 
water (m,). MNXO, (Am,). F. p ; ae, A, »- Factor Ky (g.-mol. kg.* 
oel 
O03 lU6 e577 O17 
ooTsMi ove 
© 1167 : 0-20 
O16 5 O20 
© laws 5 O22 


0-20 
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(2.6) The Solute Nitromethane.—This parent nitro-compound has been examined in order 
to ascertain whether aliphatic as well as aromatic nitro-compounds display basic properties in 
sulphuric acid. No study of the cryoscopic behaviour of any aliphatic nitro-compound in 
sulphuric acid seems to have been recorded, apart from the original investigation of nitro- 
methane by Hantzsch, who concluded that it dissolved without essential change. 

Some measurements for nitromethane are recorded in Table V. From them, v-factors and 
the basicity constant 

K,(CHyNO,) ~ (CHyNO,H*)(HSO,~) /(CH,NO,) 
are calculated, in the same way as for 2: 4: 6-trinitrotoluene. It is obvious from the v-factors 
that, in 0-1—0-2 molal concentration in the slightly aqueous sulphuric acid employed as solvent, 
about 8% of the nitromethane is ionised. From the basicity constant, A, « 000656, it can be 
computed that, in 0°! molal concentration in anhydrous sulphuric acid, about 21% would be 
ionised. 


Taste V. 
Freezing points of solutions of nitromethane in sulphuric acid (Expt. 33). 
Molality of 


— 
water (m,). CH,NO, (Am,). op. (* ¢.). »-Factors. Ky (g.-mol. kg.). 
0-060 — * 

— 0-0380 . 0-249" 

0.0764 0-495 

© 1043 , 0-674 

0- 1352 : O-874 

0-1519 P 0-987 

Oo 1844 1-108 





(2.7) Relative Basicities of Nitro-compounds.—The information that we have obtained 
concerning the basicities of the nitro-compounds studied is summarised in Table VI. 


Taste VI. 
Basicities of nitro-compounds in sulphuric acid. 
Approx. % ionisation 
Compound Ro (e “ey * 9 (0-1 molal in anhyd. H,SO,). 
CH,-NO, 5-5 21 
O,N 
">, : 
cH~ S%—NO, 67x 10 23 
ow 
& 14 x 10% 3 
*H,N- 


29 x lo 41 


20 «x 10% 73 


It will be noted that nitrobenzene is a stronger base than nitromethane in solvent sulphuric 
acid, although aniline is a weaker base than methylamine in water. The inversion, as between 
aliphatic and aromatic analogues, may plausibly be referred to the theory that the mesomeric 
effect in the aromatic series displaces the electron distribution oppositely for nitro-compounds 
and for amines, viz., towards the nitro-group in nitrobenzene and away from the amino-group in 
aniline. 

The present work establishes conclusively that the nitro-group possesses a definite, although 
small, basicity in sulphuric acid; this, as would be expected, is increased when the attached 
residue is electron-repelling, and decreased when it is electron-attracting. The relatively small 
basicity of the nitro-group, despite its two negatively charged oxygen atoms, is, no doubt, to be 
attributed to the large amount of resonance energy which must be lost on the addition of the 
proton 


It is of some interest that the pale yellow colour of nitrobenzene and of p-nitrotoluene is 
considerably intensified on dissolution in sulphuric acid, whereas solutions of nitromethane in 
sulphuric acid, and the pure substance, are colourless. The enhanced colour of the aromatic 
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compounds in sulphuric acid is presumably to be associated with the increased importance, in 
their ions, of structures with a positive charge situated in the aromatic nucleus, ¢.g., 


(3) Basicity of Sulphonyl Compounds in Sulphuric Acid. 

(3.1) Previous I nvestigations.—The original object of the experiments reported below was 
to discover whether sulphonic acids, which have been extensively employed in the study of 
effects due to the medium on rates of nitration in sulphuric acid solvents, behave as bases 
towards sulphuric acid. The enquiry was extended to include sulphones for a reason which 
will appear in Section 4. 

The only previous cryoscopic investigation of sulphonic acids in solvent sulphuric acid is 
that of Hantzsch (Z. physikal. Chem., 1908, 65, 41), who examined benzenesulphonic acid, 
m-nitrobenzenesulphonic acid, and p-toluenesulphonic acid. In each case he employed the 
sodium salt of the sulphonic acid as the added solute, but made allowance for that part of the 
freezing-point depression which was attributable to the formed sodium hydrogen sulphate. He 
found that the depressions due to benzenesulphonic acid, and to m-nitrobenzenesulphonic acid, 
were approximately those to be expected of the non-ionised molecule in either case. On the 
other hand, the depression given by p-toluenesulphonic acid was considerably greater than 
that of the non-ionised molecule. The experiments were not sufficiently precise to detect with 
certainty a limited amount of ionisation of the free sulphonic acid, and therefore the question 
of the reality of such ionisation has been reinvestigated in the examples of sodium benzene- 
sulphonate and sodium p-toluenesulphonate. There is no previous record of cryoscopic 
experiments on sulphones in sulphuric acid 

(3.2) The Solute Sodium Benzenesulphonate (Basicity of Benzenesulphonic Acid).-Some 
measurements of the depression, produced by sodium benzenesulphonate, of the freezing point 
of sulphuric acid are given in Table VII. It is necessary to correct the observed freezing-point 
depressions (A6,) for the repression of ionisation of the water, and of autoprotolysis in the 
solvent, by the hydrogen sulphate ions which are formed in the solvolysis of the sodium benzene- 
sulphonate. This has been done by the method outlined in Part I. From the corrected 
depressions (46,), v-factors have been calculated from the general formula (equation 5 in Part I), 
with the substitutions s, « 4 and v, ~ 3 in the correction factor. The value of s, is based on 
the reasonable assumptions that sodium hydrogen sulphate, like potassium hydrogen sulphate, 
has a solvation number of 2 (cf. Part I), and that a non-ionised benzenesulphonic acid molecule 
forms a hydrogen-bonded compound with one molecule of sulphuric acid, .¢., has the solvation 
number |, like nitrobenzene. It appears that under the conditions of these experiments, which 
involve the presence of an excess of hydrogen sulphate ion, the benzenesulphonic acid is ionised 
as a base * to the extent of about 13% 


Taste VII 
Freezing points of solutions of sodium benzenesulphonate in sulphuric acid (Expt. 61) 
Molality of Depressions 





ae * — — 
water (m, C Hy ),Na (Am) r * AM, MM, v-Factor K, (g.-mol. kg“ 
0-048 ane _ ' 
- 0.00667 123 126 J 0-007 
Oo) > #272 0 280 , 0-016 
Oozs7a ®477 O4ge ool 
0 03946 0-731 9747 ool 
O-O4789 0-891 o-o09 ool 


Mean 0-011 
The basicity constant of benzenesulphonic acid, as defined by the expression 
K,(Ph-SO,H) = [Ph-SO,H,*)(HSO,~)/ Ph-SO,H 
with the concentrations in molalities, has been calculated from the formula 
Ky = {(e — 2)(v — Dam, + (» — Bim) (4 — &) 


* The idea that it ht be ionised as an acid is excluded by comparisons with other acids (even 
perchloric acid is very weak—<f. Part VI), and by the consideration that a p-methy! substituent increases 
the ionisation (Section 2.3), as it should increase basic ionisation, but contrary to the way in which 
it should influence acidic toniaation 
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The values are in the Table. From the mean value of X;, it can be calculated that benzene- 
sulphonic acid would be ionised to the extent of about 28% in a 0-1 mola! solution in anhydrous 


acid. 

(3.3) The Solute Sodium gee mee poet oN p- Toluene sil phomic eam 
new measurements have been made of the freezing-point depression 
p-tol Iphonate in sulphuric acid. The results are given in Table VIII. Valuce of the 
v-factor and of K have been calculated in exactly the same way as for sodium b 
The results show that p-tol Iph ic acid is appreciably more basic than benzenesulphonic 
acid. It is ionised to the extent of about 22% under the conditions of the experiment, and, 
as can be calculated from the mean K, value, about 40% of the acid would be ijonised in a 
1 molal solution in anhydrous sulphuric acid 











Taste VIII. 
Freezing points of solutions of sodium p-tol iphonate in sulphuric acid (Expt. 109). 
Molality of 
water (m,) PCH, <H,s ),Na (Am,). F. p. (° c.). ~ “eS »-Factor Ky (g.-mol. kg.) 
0-053 on 8 








(3.4) The Solute Diphenyl Sulphone.—For the purpose of comparison with the compounds 
discussed in the two preceding sections, some measurements have been made on dipheny! 
sulphone, and the results are given in Table IX. Freezing-point depressions have been corrected 
as in the preceding examples. The v-factors in the Table have been calculated from the general 
formula (equation 5 in Part I) with s, = 1 and v, = 1 substituted in the nearly-unit correction 
factor. We have assumed, as we have for benzene- and toluene-sulphonic acids, that the 
non-ionised molecule of the solute diphenyl sulphone has a solvation number of unity. The 
basicity constant of diphenyl sulphone, as defined by the expression 


Ky(Pb,SO,) = (Ph,SO,H*)(HSO,~) /(Ph,SO,) 
with the concentrations in molalities, has been calculated from the formula 
Ky = {(v — 1)*Am, + (» — Img /(2 — ») 


The values obtained are recorded in the Table. It can be seen that, in the slightly aqueous 
sulphuric acid employed in the experiment, about 19% of the diphenyl sulphone is ionised. 
From the mean value of K, it can be calculated that about 33% of it would be ionised in 
anhydrous sulphuric acid 
Taste IX. 
Freezing points of solutions of diphenyl sulphone in sulphuric acid (Expt. 107). 
Molality of 


water (m,). Ph,SO, (Am,) . p. ). , »-Factor Ky (g--mol. kg.) 
0-060 — 

* 01000 
0-03045 
0-05330 
0-07900 
06-1130 
01383 





(4) Basicity of Sulphuryl Compounds im Sulphuric Acid. 

(4.1) Previous Investigations.—The contrast between the cryoscopic properties in solvent 

sulphuric acid of the non-basic halogen-sulphury!l compounds, which were used for the 

tata ee ee ee 1950, 2473), 
and those of the definitely basic aryl-sulphonyl compounds, treated in the preceding Section, 
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suggested that some examination ought to be made of the esters of sulphuric acid, which, on 
general electrostatic grounds, would be expected to exhibit an intermediate degree of basic 
character. The normal esters of sulphuric acid appear, however, to be unsuitable solutes for 
eryoscopic study in sulphuric acid, dimethy! sulphate having given evidence of partial 
decomposition in that solvent (cf. Part 1). On the other hand, the alkyl-sulphuric acids (alkyl 
hydrogen sulphates) are well known to be stable in sulphuric acid, in excess of which they are 
rapidly and completely formed from the simpler alcohols. Accordingly ethylsulphuric acid 
(EtHSO,) was considered a suitable subject for the present study 

Advantage was taken of the reaction by which ethy! alcohol is converted into ethylsulphuric 
acid for the convenience of being able to introduce the latter through the medium of a weighed 
solute of easily controlled purity. So far as is known, the conversion of ethy! alcohol into ethyl- 
sulphuric acid by a large excess of sulphuric acid is quantitative. Even if it were not quite 
quantitative, no advantage would be gained by adding weighed ethylsulphuric acid, or one 
of its salts, since a similar solution would result from the setting up of an esterification 
equilibrium, whether the initially added substance were the ester or the alcohol. Actually, the 
cryoscopic results themselves indicate that the formation of the ester is quantitative 

The cryoscopic behaviour of a number of aliphatic and aromatic alcohols has been 
investigated by Hantzsch (Z. physthal. Chem., 1907, 61, 257; 1908, 65, 41) and by Oddo and 
Scandola (Gazzetta, 1909, 39, II, 1). They showed that methyl and ethy! alcohols gave an 
approximately three-fold depression of the freezing point of sulphuric acid; and this is consistent 
with an extensive, or possibly a complete, conversion of the alcohol into the corresponding 
alkylsulphuric acid and water, ¢¢., 


(C,H,-OH + 2H,SO0, « CJH,SO,H + H,O* + HSO, 


Oddo and Scandola obtained this result for these two, and some other, primary alcohols; but 
with a number of secondary and tertiary alcohols they obtained depressions which varied, 
according to the compound, from two to three times that of a non-electolyte. These secondary 
and tertiary alcohols, unlike methyl and ethyl alcohol, give yellow solutions in sulphuric acid, 
and, on pouring them into ice-water, unsaturated hydrocarbons are obtained. In disagreement 
with Hantzsch, these authors found that triphenylearbinol gave a four-fold, and not a three- 
fold, freezing-point depression, a result which has since been confirmed by Hammett and 
Deyrup (Joc. ett). This indicates that triphenylmethylsulphuric acid is completely ionised in 
sulphuric acid into the triphenylmethyl cation and the hydrogen sulphate ion, or in other 
words, that triphenylcarbinol is fully ionised according to the equation 


Ph,C-OH + 2H,SO, = Ph,C* + H,0* + 2HSO,- 


Hantzsch also investigated methyl- and ethyl-sulphuric acids by measuring the depression 
produced by their sodium salts, and allowing for the depression caused by the sodium hydrogen 
sulphate. His results showed that these two alkylsulphuric acids are little, if at all, ionised in 
sulphuric acid 

(4.2) The Solute Ethyl Alcohol (Basicity of Ethylsulphuric Acid).—The observed freezing 
points of solutions of ethy! alcohol in sulphuric acid are given in Table X. The freezing-point 
depressions 6, are corrected for the repression of autoprotolysis by the formed water. The 
v-factors are calculated by means of the general equation, with the substitutions s, = 2 and 
v, = 3 in the correction factor. These substitutions take care of a previous conclusion that the 
solvation number of hydroxonium hydrogen sulphate is unity 


Taste X 

Freezing points of solutions of ethyl alcohol in sulphuric acid. 

Molalty of EtOH 5 r Depression * Molalityof EtOH p Depression , 
™, Am, " A, M4, Factor (184) (Am, c.) M, 4é,. Factor 
Expt. No. 58 Molality of water (m,) = 0-027 Expt. No. 59. Molality of water (m,) — 0-046 
- 10-207 10-024 
oO 100 10-028 ©0127 OS15 
0-023 0-839 00244 00117 9610 06-205" 0-210° 
#0326 OO119 om 66-190" 06-0333 00206 9449 6723 
OM14 ©0201 9483 0-356 2- OmM21 O&-0204 9295 0520 0529 
©O5T2 ©0359 9207 0-682 ©0507 00380 9145 0670 0-682 


ee tS to tee 
- | 
§$ $523 


Mean 
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A completed single-stage esterification of the alcohol, according to the reaction 
C,HyOH + 2H,80, = C,H, HSO, + H,O* + HSO,- 
would require vy = 3. A completed two-stage esterification, according to the equation 
2C,HyOH + 3H,SO, = (C,H,),SO, + 2H,0* + 2HSO,- 


would require v= 25. These equations require correction, since, as is shown in Part II 
(J., 1950, 2493), the ions of water will partly reassociate, setting up the equilibrium 


H,O + H,SO, == H,0* + HSO, 


It was established in Part II that, owing to this balanced reaction, the v-factor for water is 
not 2, but has a mean value of 1°89 over the range of concentrations which it has been found 
convenient to use in the present cryoscopic work. Thus the theoretical v-factor for no 
esterification is 1-00, for a quantitative one-stage esterification it has the mean value 2°89, and 
for a complete two-stage esterification it has the smaller value 2:39. Thus, when the conversion 
into ethylsulphuric acid is quantitative, the v-factor should reach a maximum of 2°89, or, more 
accurately, 2-92, allowance here being made for the repression or solvent autoprotolysis by the 
formed water. The difference between the expected maximum of 2°92 and the observed value 
of 2°97 means that, over the range of concentrations employed, ethylsulphuric acid has a 
wfactor of 1:05. There are two possible interpretations * of this result: either ethylsulpburic 
acid behaves as a simple but fairly weak base, ionising according to the equation 


C,H,SO,H + H,SO, = C,H,SO,H,* + HSO,-, 
or it dissociates to a limited extent into the ethy! cation and a hydrogen sulphate ion, thus 
C,H,ySO,H = CjH,? + HSO, 


The known formation of the triphenylmethy] cation from triphenylcarbinol, and the indication 
of the existence of carbon cations in solutions of secondary and tertiary alcohols in sulphuric 
acid, provide some support for the formation of the ethyl cation in small amounts in solutions 
of ethy! alcohol in sulphuric acid. However, if this latter reaction does not occur, and ethyl- 
sulphuric acid behaves simply as a base, then we must conclude that it is a weak base, somewhat 
weaker than benzenesulphonic acid 
(4.3) Relative Basicities of Sulphonyl and Sulphuryl Compounds.—Having regard to data 

recorded in Part I of this series, and in Section 2 of this paper, the above measurements can be 
considered to complete a constitutionally graded series, in which the group ~SO,~ is bonded, 
in RRSO, to various groups R, satisfying the conditions that they do not contain atoms 
intrinsically more basic than the oxygen atoms of the sulphone group itself. In practice this 
condition limits the groups RK to hydrocarbon radicals, hydroxy] or alkoxy! groups, and halogen 
atoms. The following series (Tol = p-tolyl) appears to represent an order of increasing 
basicity 

a 

So, ‘ 
Cc Tol 


It appears, as seems reasonable, that increasing basicity is observed when either variable group 
becomes less electronegative, i.¢., when there is a substitution of any group by another standing 
to its right in the following electropolar series : Cl, OR, Ph, Tol 


Witttam Ramsay ann Raten Forster Lasoraronries, 
University Coi_zece, Loxpos, W.C.) ‘Received, December 17th, 1949.) 


* It is considered extremely unlikely that ethylsulphuric acid could be ionised as an acid: such an 
explanation would require it to be a much stronger acid than sulphuric acid, comparable in strength, 
i , to perchloric acid (though this is still a weak acid in solvent sulphuric acid). This would seem 
to be im ble on electrostatic grounds, and it would be contrary to the genera! regularities. discussed 
in Part VI, concerning the strengths of oxy-acids 
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504. Cryoscopic Measurements in Nitric Acid. Part I. The Solutes 
Dinitrogen Pentoxride and Water. The Self-dissociation of Nitric Acid. 
By R. J. Gittespre, E. D. Hucues, and C. K. Incotp 


The freesing-pomt of the system N,O,-H,O has been studied over a range of 
compositions in the neighbourhood of that of HNO, ‘From the form of the freezing-point 
curve on the dinitrogen pentoxide side of the nitric acid maximum, it is concluded that 
dinitrogen pentoxide in nitric acid is completely dissuciated into nitronium and nitrate ions, 
which are solvated with a total of 4 molecules of nitric acid. From the form of the curve on 
the water side of the maximem, it is deduced that water in dilute solution in nitric acid is entirely 
noo-ionised, but that each water molecule is solvated with 2 molecules of nitric acid. From 
the form, and the amount, of the rounding of the freezing-point maximum, it is concluded 
Bm acid is considerably self-dissociated, the principal process being the ionic self- 
hydration, 


2HNO, = NO,* + NO,- + H,O 


It is estimated that, in analytically anhydrous nitric acid at —40", some 3-4% of the material 
is dissociated to give 1-2%, of nitronium ion, 1-7% of nitrate ion, and 0-5% of water. A further 
10% of the nitric acid has to be pictured as being bound in solvates of the self-dissociation 
produc ts 


(1) Methods and Results 


(1,1) Objects and Background—The motive of the present work was to prepare the ground 
for a general investigation of the cryoscopic behaviour of solutes in solvent nitric acid. The 
cryoscopic constant of nitric acid having been established by the calorimetric measurements of 
Forsyth and Giauque (cf. Section 1.3), the primary necessity was to study the self-dissociation 
of the solvent, and the behaviour of those solutes which are involved in the self{-dissociation. 
This involves measurement of the freezing-point curve of the binary system N,O,-H,O for 
compositions in the neighbourhood of HNO, Such measurements, and the conclusions to be 
drawn from them, form the subject of the present paper. The work is recorded at this time, 
because of its close connection with the chemical! and physical studies on nitric acid described in 
several of the accompanying papers (particularly /., 1950, 2400 and paper no. 510). 

The only previously published cryoscopic investigations on solutions in nitric acid are those 
of Pickering (/., 1893, 68, 436) and of Berl and Saenger (Monatsh., 1929, 54, 1036) on the system 
N,O,-HNO,, and of Kuster and Kremann (Z. anorg. Chem., 1904, 41, 1) on the system 
HNO,-H,O. In both these studies, the freezing points were measured somewhat approximately 
at widely spaced intervals of composition 


(1.2) Apparatus and Experimental Procedure.—The treezing-point cell was the same as that used for 
the measurements with sulphuric acid; and, in general, the same procedure for making a freezing-point 
measurement was adopted. The external bath, in which the cryoscope, surrounded an air-jacket, 
was supported, consisted of a large Dewar vessel containing alcohol, ich could be cooled by pumping 
alcohol at —@" to 70° through an immersed metal coil, and could be heated electrically when 
necessary During a determination, the temperature of the bath was kept constant to + ®-2°, at about 
2° below the freezing point, by means of a bimetallic-strip regulator, which controlled the heater, and 
the pump motor, through a relay 


It was not found possible to seed the solute by touching the outside of the cryoscope with a piece of 
solid carbon dioxide; and. in consequence, the more direct method of seeding by adding a very small 
amount of the solid solvent was used. A small quantity of nitric acid was frozen inside a narrow tube, 
and then pushed out inside the cryoscope so that it fell directly into the solution. 


Nitric acid was weighed by means of a ht burette provided with a vacuum jacket which, by 
preventing condensation on the outside, ena the nitric acid to be weighed while it was kept below 
—30° At these temperatures no appreciable decomposition appeared to take place, whereas at room 
temperature the acid soon acquired a detectable yellow colour. 


Weighed amounts of water were added to the acid by means of a weight pipette. When investigating 
dinitrogen pentoxide, however, the solid solute was not added in separate weighed portions to the nitric 
acid, because of experimental difficulties. Instead, the cryoscope was charged initially with a solution 
of dinitrogen pentoxide in nitric acid, and the small we amounts of water were added. The 
solution of dinitrogen pentoxide in nitric acid was prepared by distilling the dinitrogen pentoxide in a 
stream of oronised oxygen into nitric acid cooled to — 40 By this means, colouriess solutions contai 

uite large amounts of dinitrogen pentoxide could readily be prepared, although attempts to add soli 
dinitrogen pentoxide directly to the liquid acid always resulted in a yellow solution, probably owing to 
the heatevolved. No attempt was made to prepare solutions of dinitrogen pentoxide with compositions 
accurately controlled by weighing, or to estimate the compositions of solutions by analysis. The 
compositions were found from the total amounts of water that it was necessary to add in order to reach 
the maximum freezing point, i.¢., the composition HNO, 


A correction for supercooling, ST, was added to all the observed freezing points 
8T = (CJ/AHS)S = 001180 
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ho haut cupncii of tneend ollie and @ the total ood hh th The values of 
the heat [andl the beat Seton ofamndoasia that are employed 
in cale oe ee , are given in Section 1.3. 


(1.3) Equation for the Freezing-point Depression.—We shall assume that, in the range of 
concentrations with which we are concerned, solutions in nitric acid can be regarded as behaving 
ideally. Suppose that one molecule of a solute A reacts with s molecules of nitne acid to produce 
a total of v dissolved ions and non-ionised molecules, thus 


A + sHNO, = pP + ¢Q + rR + 
Prd +--+. =F 
If m, is the molality of the solute A, and m, the molality of the nitric acid, then the change as 


in the freezing-point depression, caused by a change Am, in the molality of the solute A, is 
given by the equation (cf * , 1950, 2478) : 


oe - Sols ~ (.— ain) +2 


Here, 6 is the mean —— and mi, the mean molality of the solute A, over the interval of 
composition to which 46 and Am, refer 


Taste I 


Freezing points of solutions of water and dinitrogen pentoxide in mitric acid. 
Weights («.) 


e — Molality of 
Added H,0. Solution Solute HNO, solute. 
Expt. No. 14 NO, NO, 

— 2-208 100-40 0-212 
0-288 O-570 102.42 0-052 


H,O. 
0-281 2 103.09 0.100 
0-285 f : 0-253 
0-690 . : 0-625 
0-825 
0-708 
0-622 


gE apt. No 





©-182 
0-168 
0-190 
0-199 
0-198 


0-300 
0-193 
0-179 


2*222222 
SSSsesrsss 


eeu 
S328! 
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The values of the crycscopic constant hy = RIfim,AH/, and of the factor 
{(2/T) ~ (SC,/SH,/)} have been calculated from the following data of Forsyth and Gi 
U. Amer. Chem. Soc, 1942, 64, 46): Ty = —41°65" c. = 231-51" x, SH, / = 2503 cal. g.-mol.-, 
and the extrapolated values Cj —41°7") = 26°74 cal g-mol- deg, and C,*(—41-7°) = 
16°56 cal. g -mol.~' deg We thus find Ay = 2°68 deg g -mol ~* kg., and {(2/7,) — (SC, /AH,f)} = 
00045 deg. The value of m, is 15°87 g-mol. kg". Hence we obtain the following freezing- 
point equation 


MO/Am, =~ 2681 — 6.00658 + (2) — ») iy / 15-87} : 1) 


Forsythe and Giauque 
have found freezing points 
have assumed that these nt of decomposition of the 
acid, because samples wi , ~41°7° had a just perceptible 
yellow colour, F dinitrogen pentoxide have 


freezing point of the pure acid 
The experimental results are shown 
ideal non-electrol 


Taste Il 
( aleulated freering-point depressions for solution of a non-electrolyte in mitric acid 
Depressions 





” 1 
Me, ¢, 

674" 0-674 
1201 1.377 2-061 
1241 1407 3-458 
1-193 1-439 4-897 
1145 f 1-470 6-367 
1097 151 7-868 
1061 . 1-531 9 309 2.005 


Taste III 
Calculated freesing-point depressions for solutions of @ binary electrolyte in nitric acid. 
Depressions 
Molality of See Ses 
solute, m, Am, M, 6, M, 4, 
0-25 0-25 1.313" 1-313" 1-357° 1-357° 
0-75 00 2-483 3-706 2 806 4163 
1-25 2-200 6086 2040 7-093 
75 2104 8-190 3-0%) 10-140 





(2) Discussion 


(2.1) General Character of the Freezing-point Curve —It is immediately obvious from Fig. 1 
that there is a considerable difference bet ween the effects of water and dinitrogen pentoxide on 
the freezing point of nitric acid. The slope of the dinitrogen pentoxide branch of the freezing- 
point curve is approximately twice as Great as that of the water branch, and this indicates that 
a molecule of dinitrogen pentoxide produces approximately twice as many solute particles as 
does a molecule of water. The other obvious feature of this freezing-point curve is the very 
rounded character of the maximum at the composition HNO,, a clear indication that nitric 
acid is considerably self-dissociated 

The existence of this large self-dissociation makes it necessary to study solutions at much 
higher concentrations, and with correspondingly larger freezing-point depressions, than were used 
in the study of solutions in sulphuric acid (J., 2473, et seq.). It is therefore important to know 
how far solutions in nitric acid can be regarded as behaving ideally in the concentration range 
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investigated. Unfortunately we bave no information about this, except the present freezing- 
point data, which indicate that the principal deviation from ideal behaviour is that due to 
solvation, although the possibility of some deviation due to interionic attraction is not excluded. 
One can, as we shall see, account very satisfactorily for the observed deviations from ideal 
bebaviour by attributing small and plausible solvation numbers to the various dissolved species, 
completely neglecting any possible deviations due to interionic attractions or other causes. 
Fis. 1. 
— See e the system dinstrogen pentoside-water at tions near thal of mitric acid. Of the 
stracg 


nse ate annet 60 ED GaSETS. Cielo 5 Sn Ee oie Coane Bema geees anne oe 
an ideal non-clectrolyte with solvation mumbers 4 = 0, 1, 2; and those om the left are 


‘or an ideal binary electrolyte with (total) solvation numbers 4 = 0, 2, 4 


A 
/ u * 
f wre ~ AN 
SS 


4 


— 








— 





(2.2) The Dinitrogen Pentoxide Branch of the Freezing-point Curve.—The slope of the freezing- 
point curve for dinitrogen pentoxide shows that it forms at least two ions in solution in nitric 
acid. A resonable mode of ionisation, giving two ions, is the following : 


N,O, = NO,* + NO,- 


and it is, indeed, difficult to formulate any other mode of ionisation, or any mode at all which 
would give more than two ions. As can be seen from Fig. 1, the observed slope is somewhat 
greater than that to be expected for a non-solvated binary electrolyte, but it can be adequately 
explained by assuming that the total solvation number of the formed ions is 4 

This interpretation of the freezing-point data is in agreement with other information about 
solutions of dinitrogen pentoxide in nitric acid. It is shown in an accompanying paper (Ingold 
and Millen, ]., 1950, paper no. 510) that the effect on the Raman spectrum of adding, say, 6% of 
dinitrogen pentoxide to nitric acid is to superpose, on the normal spectrum of nitric acid, the 
spectra of the nitronium ion and the nitrate ion, but to produce no other spectral appearance, and, 
in particular, no trace of the known spectrum of molecular dinitrogen pentoxide. This is an 
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t demonstration that duuitrogen pentoxide, at concentrations of this order (0-6 moial), 
is a strong electrolyte, consisting only of nitronium and nitrate ions. The formation of these 
ions explains the large increase of electrical conductivity which is observed on adding dinitrogen 
pentoxide to nitric acid (Berl and Saenger, loc. cié.); whilst the strong solvation of the ions 
accounts for their lack of tendency to associate, as is indicated by the negligible effect on the 
total vapour pressure of adding quantities, even up to 23%, of dinitrogen pentoxide to nitric 
acid at 0” (idem, ibid.) 

One would certainly expect the nitrate ion to be strongly solvated in nitric acid. A number 
of compounds between ammoniwm, or alkali-metal, nitrates and nitric acid have been described 
(Ditte, Compt. rend., 1870, 88, 567; Ann. Chim. Phys., 1879, 18, 320; Wells and 
Amer. Chem. J, 1901, 26, 272; Groschuff, Ber., 1904, 37, 1486; Z. anorg. Chem., 1904, 40, 1) 
they have the general formula MNO, HNO, and MNO,2HNO, Chédin, Leclerc, and Vandoni 
have found (Compt. rend, 1947, 225, 734) that the exothermicity of dissolution of potassium 
nitrate in nitric acid is remarkably large (6 keals.). Chédin and Vandoni have shown (Compt. 
rend., 1948, 227, 1232) that the lowering of the vapour pressure of nitric acid by potassium 
nitrate can be quantitatively explained, if it is assumed that the dissociated salt has the solvation 
number 2. The authors attribute the solvation to a tendency of the nitrate ion to form the 
hydrogen-bonded complex, (NO,~)(HNO,),; and this idea of the nature of the solvation 
is supported by Chédin and Fénéant’s discovery (Compt. rend., 1949, 228, 242) that the Raman 
OH-band of nitric acid near 3400 cm.~' becomes partly replaced by a system of several OH- 
stretching bands when potassium nitrate is added to nitric acid. 

If we accept the value 2 for the solvation number of the nitrate ion, then the assumption of the 
reasonable solvation number of 2 for the nitronium ion will suffice to account for the freezing- 
point curve. General confirmation of the strong solvation of dinitrogen pentoxide follows 
from Chédin, Leclerc, and Vandoni's observation that the exothermicity of dissolution of water in 
a dissolution of dinitrogen pentoxide in nitric acid is very much smaller than the exothermicity 
of solution of water in pure nitric acid (Joc. cit). It follows that the destruction of dissolved 
dinitrogen pentoxide by hydration involves a strongly endothermic process, which can only be 
the desolvation of strongly solvated ions. On the whole, it seems that our interpretation of the 
freezing-point curve on the basis that dinitrogen pentoxide is a strong electrolyte, forming 
stably solvated nitronium and nitrate ions in nitric acid, is in agreement with a variety of other 
observations 

(2.3) The Water Branch of the Freezing-point Curve.—-As can be seen from Fig. 1, the slope 
of the freezing-point curve for water is somewhat greater than that to be expected for a non- 
solvated non-electrolyte, but much smaller than that of a binary electrolyte. Therefore one 
might try to interpret the observational curve by assuming that water behaves as a weak binary 
electrolyte, ionising to a rather small extent according to the equation 


H,O + HNO, » H,O* + NO,~ 


However, it can be seen from Fig. 1 that the observed freezing-point curve agrees quite well 
with that to be expected for a non-electrolytic solute with a solvation number of 2, i.¢., with 
the assumed tormaticn, by the added water, of the non-ionised complex (H,O)(HNO,),. It 
is not possible to interpret the cryoscopic observations quite unambiguously; however, a 
considerable body of evidence can be cited to the effect that water is very little ionised in dilute 
solution in nitric acid, but that, on the other hand, water is quite stably solvated by nitric acid. 

Investigations of the effect of added water on the Raman spectrum of nitric acid (Chédin, 
Ann. Chim, 1937, 8, 205; Rao, Indian J]. Physics, 1941, 15, 185; Redlich and Bigeleisen, 
|]. Amer. Chem. Soc, 1943, 65, 1883) have shown that the strongest line belonging to the nitrate 
ion, the line at 1050 cm.~', remains very weak, much as it is in pure nitric acid, until about 10% 
by weight of water has been introduced. Even in an equimolecular mixture of nitric acid and 
water, containing 22° by weight of water, the proportion of material ionised, as indicated by 
the intensity of the nitrate ion line, is no more than 2%. It seems impossible, therefore, that 
the first few units %, of added water could produce sufficient ions to account for the deviation 
of the freezing-point curve from that of a non-solvated non-electrolyte. The same conclusion 
follows from studies of the electrical conductivity of mixtures of nitric acid and water (Veley 
and Manley, Pail. Trans., 1898, 191, 4, 365; Dalmon, Mem. Serv. chim. de I’ Etat, 1943, 30, 191) 
The conductivity of nitric acid containing as much as 10% by weight of water is not substantially 
greater than that of anhydrous nitric acid; and the addition of the first few units °, of water 
to nitric acid causes a fall in conductivity 

The fact that water, although it forms very few ions, does form a stable solvate with solvent 
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nitric acid has been shown by Chédin in several ways (Chédin and Fénéant, Compt. rend., 1947, 
224, 930; Chédin, Leclerc, and Vandoni, lec. oi#.; Chédin, Fénéant, and Vandoni, Compt. rend, 
1948, 226, 1722). The partial vapour pressures of water over a solution of water in nitric acid 
are exceedingly small at all concentrations up to 20% by weight of water. The exothermicity 
of dissolution of water in absolute nitric acid is very considerable (3 kcals.). The effect of adding 
up to 20% by weight of water to nitric acid on the Raman OH-band near 3400 cm.~* is gradually 
to replace it by a group of several bands. This shows that water, like the nitrate ion, forms 
with solvent nitric acid a stable hydrogen-bond complex. 

The exact composition of the complex is, however, open to some doubt. The only known 
solid compounds of water and nitric acid are (H,O),(HNO,) and (H,O)(HNO,), and, of these, 
the latter at most could be of possible importance in the range of composition in which we are 
interested (cf. Kuster and Kremann, joc. ci#.). Chédin, Fénéant, and Vandoni have deduced 
from the partial vapour pressures of water and nitric acid above their solutions that the complex 
(H,O)(HNO),) is produced (Joc. ci#.). Their data refer to solutions containing from 20% to 5% 
by weight of water. Our freezing-point results indicate the complex to be (H,O)(HNO,),. 
However, our data relate to solutions containing from 5% to 0% by weight of water. The two 
conclusions are not necessarily inconsistent. The simpler solvate, probably the hydrogen-bond 
complex, H,OHONO,, is apparently rather stable; but when many nitric acid molecules are in 
competition for each water molecule, the latter may form a second similar bond to give the 
complex H,O(HONO,),, thus completing the co-ordination shell of its oxygen atom 

(2.4) The Rownding of the Freezing-point Maximum.—This feature of the freezing-point 
curve indicates that the self-dissociation of nitric acid is extensive. If there were no self- 
dissociation, the dinitrogen pentoxide and the water branch of the freezing-point curve would 
meet in a point, as do the theoretical curves for the two solutes. The presence of the products 
of self-dissociation depresses the freezing point of the pure solvent below the value it would 
have if it did not undergo dissociation. The addition to the pure solvent of limited amounts of 
either dinitrogen pentoxide or water causes a partial recombination, and therefore a 
disappearance, of self-dissociation products; and thus the added solutes at first exert 
considerably less than their normal depressing effects on the freezing point. When, however, 
sufficient of either solute has been added to repress the self-dissociation completely, then a 
further portion of the solute will exert its normal depressing effect. Thus the freezing-point 
curve has a rounded maximum, and only the lower portion of either branch of the curve is 
expected to agree with the theoretical curve for the relevant solute. 

These principles have been applied in constructing Fig. 1. First, the theoretical curves 
were drawn. Then the experimental curve was plotted, and so placed that its maximum fell 
vertically beneath the origin of the theoretical curves, whilst its two branches ran as nearly as 
possible asymptotically to two of the theoretical curves. The interval between the origin O 
of the theoretical curves and the maximum M of the experimental curve is 2°20°. It represents 
the amount by which the products of self-dissociation of the solvent reduce its freezing point. 

The simplest type of self-dissociation that we could contemplate would be the autoprotolysis 


2HNO, =~ H,NO,* + NO,~ a) 


However, the shape of the freezing-point curve shows that the self-dissociation cannot, in fact, 
be as simple as this. For we have seen that, whilst dissolved dinitrogen pentoxide supplies 
nitrate ions, small amounts of added water produce scarcely any nitrate ions. The auto- 
protolysis represented above should therefore be repressed effectively by added dinitrogen 
pentoxide, but scarcely at all by added water; and thus the freezing-point curve should be 
rounded on the dinitrogen pentoxide side of the maximum, but should descend sharply on the 
water side 


The second possibility is that the dissociation is a sel{-dehydration : 
2HNO, = N,O, + H,O 


Since, as we have already seen, dinitrogen pentoxide is fully dissociated into solvated ions, 
whilst water, though also solvated, is scarcely ionised, the complete ionic self-dehydration can, 
apart from solvation, be approximately represented thus : 


eb Ore OPS 7 —— 


This equation would interpret the qualitative features of the freezing-point curve. Water isa 
product of this form of dissociation, as well as the ions of dinkrogen pentoxide; and hence the 
freezing-point curve should be rounded on both sides of the maximum, as, in fact, itis. Further, 
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dinitrogen pentoxide supplies two of the three products of dissociation, whereas water provides 
only one; hence dinitrogen pentoxide should be more effective than water in repressing the 
dissociation of the solvent; and hence dinitrogen pentoxide should begin to exert its full effect 
in depressing the {reezing point at a lower concentration than should water, as, in fact, is found. 

There is good evidence in the Raman spectrum of nitric acid for the presence of the three 
products of ionic self-dehydration. The nitronium ion is identified by the weak, but sharp, 
Raman line at 1400 cm.~', first found by Chédin in absolute nitric acid, whilst the nitrate ion 
has been proved to be the source of the weak frequency 1060cm.-*. Ingold and Millen (/., 1950, 
paper no. 610) have estimated, from the intensities of these two lines, that absolute nitric acid 
i# about 6°22 mola! with respect to nitronium ion, and about 0°24 molal with respect to nitrate 
ion. The presence of water in anhydrous nitric acid is qualitatively established by Chédin and 
Fénéant’s investigation of the high-frequency Raman bands (Compt. rend., 1947, 224, 930). In 
addition to the strong band at 3400 cm.-!, representing the OH-stretching frequency of nitric 
acid, the absolute acid exhibits two exceedingly weak bands, at 2980 and 3550 cm.-!, which 
become greatly intensified on the addition of small amounts of water, and are certainly to be 
attributed to a hydrogen-bonded solvate of water. 

From all this evidence it seems clear that the ionic self-dehydration of nitric acid (2) is at 
least the chief mode of its self-dissociation, What is not clear is whether any appreciable 
proportion of autoprotolysis (1) occurs simultaneously. Any such autoprotolysis would produce 
nitric acidium ion, and would lead to a total concentration of nitrate ion in excess of that of 
nitronium ion. It is not an argument against the presence of the nitric acidium ion, H,NO,*, 
that no evidence for it is found in the Raman spectrum. The simple hydroxonium ion, H,O*, 
in aqueous solution cannot be detected by the Raman effect; and whatever may be the cause 
of this might apply equally to the nitric acidium ion in nitric acid solution. Bauer suggests 
that the life-periods of individual hydroxonium ions are too short to produce sharp energy 
levels (J. Chim. physique, 1948, 45, 242). Again, it is true that an approximate equivalence of 
nitronium and nitrate ions in absolute nitric acid has been established on the basis of Raman 
intensities; but the equivalence has not yet been established accurately enough to exclude the 
possibility that some minor but appreciable proportion, such as 10 or 15%, of the total 
dissociation may consist of autoprotolysis. Hughes, Ingold, and Reed have shown by a kinetic 
method (/., 1950, 2400) that autoprotolysis is an actual step on the way to ionic self-dehydration 
Thus, autoprotolysis must occur in principle, and the question now at issue is essentially the 
quantitative one of the proportion in which its immediate products survive in equilibrium 
This matter will be probed further 

In the meantime let us calculate the self-dissociation at equilibrium on the assumption, 
which at least is approximately true, that it consists wholly of ionic self-dehydration. Then 
H,NO,*) = 0, and [NO,*) = (NO,~) « (H,O). From the temperature interval between the 
origin of the theoretical freezing-point curves and the observed maximum freezing point of 
nitnc acid, we find 

NO,*) + [(NO,~) + ([H,O) « 2-20/2-68 ~~ 0-82 molal 
and therefore 
NO,’ 0-27 molal = 1 2% by weight 
NO.~} = O37 , = 17% 4. on 
H,O} «027 ., —0-5% 


jot dissociated = 3.4%, 


Since we have estimated that each of the three products is solvated with two molecules of nitric 
acid, a further 10%, of the nitric acid bas to be pictured as being bound in solvates of the 34%, 
of self-dissociation products. The value of the equilibrium constant for ionic self-dehydration is 


Ky ~ (NO,*)(NO,~)(H,O 0-020 g.-mol.* kg.* 


Granted the basic assumption that the amount of autoprotolysis is small enough to be neglected, 
these values are expected to be more accurate than the estimates derived from Raman 
intensities, On the other hand, exact agreement could not be expected, even if both methods 
were quite accurate, because the present values apply to the temperature — 40°, while the 
spectroscopic values relate to the temperature — 15° 


Wrtttam Ramsay and Ratpn Forster Laporatrories 
Unrversrry Cotrecs, Lownpow, W.C.1 Recewed, December 17th, 1949.) 
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